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ABSTRACT 
  
The design and synthesis of new finely tunable porous materials has spurred interest in 
developing novel uses in a variety of systems. Zeolites, inorganic materials with high 
thermal and mechanical stability, in particular, have been widely examined for use in 
applications such as catalysis, ion exchange and separation. A relatively new class of 
inorganic–organic hybrid materials known as metal–organic frameworks (MOFs) has 
recently surfaced, and many have exhibited their efficiency in potential applications such 
as ion exchange and drug delivery. A more recent development is the design and 
synthesis of a subclass of MOFs based on zeolite topologies (i.e. ZMOFs), which often 
exhibit traits of both zeolites and MOFs. Bio-compatible hydrogels already play an 
important role in drug delivery systems, but are often limited by stability issues. Thus, the 
addition of ZMOFs to hydrogel formulations is expected to enhance the hydrogel 
mechanical properties, and the ZMOF–hydrogel composites should present improved, 
symbiotic drug storage and release for delivery applications. Herein we present the novel 
composites of a hydrogel with a zeolite-like metal–organic framework, rho-ZMOF, using 
2-hydroxyethyl methacrylate (HEMA), 2,3-dihydroxypropyl methacrylate (DHPMA), N-
vinyl-2-pyrolidinone (VP) and ethylene glycol dimethacrylate (EGDMA), and the 
corresponding drug release. An ultraviolet (UV) polymerization method is employed to 
synthesize the hydrogels, VP 0, VP 15, VP 30, VP 45 and the ZMOF-VP 30 composite, 
by varying the VP content (mol%). The rho-ZMOF, VP 30, and ZMOF-VP 30 composite 
 viii 
 
are all tested for the controlled release of procainamide (protonated, PH), an anti-
arrhythmic drug, in phosphate buffer solution (PBS) using UV spectroscopy. 
Blister agents are chemical compounds that induce severe skin, eye, mucosal pain 
and irritation. The research focuses on sequestering a blister agent analog, thioanisole in 
hydrogels. HEMA polymers and copolymers of HEMA with 2,3-dihydroxyproyl 
methacrylate (DHPMA) and vinyl pyrrolidone (VP) were synthesized with crosslinkers 
of various dimensions. These were:  ethylene glycol dimethacrylate (EGDMA), 
diethylene glycol dimethacrylate (DiEGDMA), triethylene glycol dimethacrylate 
(TriEGDMA), tetraethylene glycol dimethacrylate (TetEGDMA) and neopentyl glycol 
dimethacrylate (NPEGDMA). Equilibrium swelling was characterized gravimetrically 
and pore size was estimated via scanning electron microscopy (SEM). Glass transition 
temperatures were measured by differential scanning calorimetry (DSC). The absorption 
of thioanisole in methanol was characterized with via ultra-violet (UV) spectroscopy. 
Poly(2-hydroxyethyl methacrylate) (PHEMA) composites constructed from a 
paddle-wheel, a secondary building unit (SBU) for metal organic frameworks, Cu2(p-OH 
benzoate)4(DMSO)2•2DMSO (CPW) were also investigated for a broad analysis of 
dielectric spectra. The dielectric spectrum of poly(2-hydroxyethyl methacrylate) and its 
copolymer with Poly(2,3-dihydroxy propyl methacrylate) (PDHPMA) are already 
reported in the literature. This study delineates the effects on the dielectric behavior as a 
result of CPW addition. The dielectric permittivity, ε′, and the loss factor, ε″, were 
measured using a dielectric analyzer in the frequency range of 1 Hz to 100 k Hz and 
between the temperature range of −140 and 250 °C. The electric modulus formalism was 
used to reveal the viscoelastic and conductivity relaxations present in the polymers. 
 ix 
 
Significant changes were observed as CPW concentration increased from 0.1 to 0.5 wt%. 
It was determined through DSC that the glass transition temperature increased with the 
filler concentration. The secondary dielectric relaxations were also affected as it was 
recorded that the activation energy for the γ, β and conductivity relaxation increased with 
CPW content. AC (σAC) and DC (σDC) conductivity are also evaluated. The ionic 
conductivity data revealed that the CPW impedes the ion mobility when compared to the 
neat PHEMA. 
Organic azides have become a very vital class of chemical compounds in 
synthetic organic chemistry and in many more fields due to their applications. Azido 
compounds are considered high-energetic compounds and are studied very little due to 
their explosive nature. There is an urge to evaluate the thermal stability of this wide 
variety of compounds which have tremendous applications in synthetic as well as organic 
chemistry. Here in we report the thermal stability of some organic azides such as 
sulfonyl, phosphoryl and carbonyl azides using differential scanning calorimetry (DSC) 
as an evaluating tool. Initial temperature of decomposition (Ti) and temperature of 
maximum decomposition (Tmax) are recorded. The area under exotherm peak during 
decomposition is used to determine the energy of decomposition (Ed) and is compared to 
threshold value for hazardous/explosive compounds. The effect of substituent groups at 
different positions, nature of the substituent groups (electron donating or electron 
withdrawing) and the steric hindrance on the thermal stability of these azides is studied in 
detail to verify the explosive nature of these compounds. 
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CHAPTER 1 
 Symbiosis of zeolite-like metal–organic frameworks (rho-ZMOF) and hydrogels: 
Composites for controlled drug release  
This chapter is a published work in Journal of Materials Chemistry (2011, 21, 9587-
9594). This publication is “Reproduced by permission of The Royal Society of 
Chemistry”. The link to the publication is 
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm11075f 
Please refer to the appendix of this dissertation for the full article. 
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CHAPTER 2 
Sequestration of a blister agent analog by poly (2-hydroxyethyl methacrylate), 
PHEMA hydrogels  
 
2.1 Introduction  
Chemical weapon (CW) is a type of device which employs chemical compounds 
fabricated to inflict death or severely harm human populations. These chemical weapons 
have been used in the past as warfare agents and still hold a threat for their use in future 
warfare.
1
  Most of the chemical weapons exist in liquid form at room temperature are 
highly explosive, toxic and have a large potential for significant damage.
2
 There are 
many types of chemical weapons such as nerve agents, blister agents, blood agents and 
choking agents. 
Nerve agents include GA – tabun, GB – sarin, GD – soman, GF – cyclosarin, VX 
- methylphosphonothioic acid. The principle agents in blister or vesicant group are HD - 
sulfur mustard, or yperite, HN - nitrogen mustard, L - lewisite (arsenical vesicants may 
be used in a mixture with HD), CX - phosgene (properties and effects are very different 
from other vesicants). Blood agents include cyanogen hydrochloride (CK) and hydrogen 
cyanide (AC). The agents belong to choking agent group are CG – phosgene, DP – 
diphosgene, Cl – chlorine, PS – chloropicrin.3 
3 
 
Though there are four types of blister or vesicant agents present, most of them can 
be classified in to two main categories namely sulfur (also known as mustard gas) and 
nitrogen mustards.                                             
 
Figure 2.1. Structures of sulfur mustards (a, b, c) and nitrogen mustards (d, e, f) 
Figure 2.1 shows some of the sulfur mustards [a- Bis(2-chloroethyl)sulfide, b- 2-
Chloroethyl chloromethyl sulfide, c- Bis-(2-chloroethylthio)-methane] and nitrogen 
mustards [d- Bis(2-chloroethyl)ethylamine, e-Bis(2-chloroethyl)methylamine, f- Tris(2-
chloroethyl)amine]. These agents are potent in minute quantities and can cause severe 
skin, eye and lung damage. Symptoms include irritation of eyes, skin & lung, difficulty in 
breathing, and occurrence of painful water blisters on of the skin; effects can occur within 
24 hours after the exposure.
4
 There is evidence that high exposure doses lead to more 
severe health problems like pneumonia, cancer or death. Since blister agents are highly 
toxic, chemical analogs with reduced severity are used in the research laboratory for 
safety purposes. Thioanisole, an analog of sulfur mustard, is used for the current study.   
Hydrogels are polymers which can absorb large quantities of water without 
dissolving due to cross-linking.  Cross-linking results in a three-dimensional network that 
is held together by either chemical or physical bonds.
5,6,7
 Chemical cross-linking is due to 
covalent bonding with a multi-functional cross-linker and physical cross-linking could be 
Cl
S
Cl Cl
S Cl Cl
S S
Cl
Cl
N
Cl Cl
N
Cl Cl
N
Cl
Cl
(a) (b) (c)
(d) (e) (f)
4 
 
due to entanglements of polymer chains or from different inter molecular forces such as 
hydrogen bonding, Van der Waals forces and hydrophobic forces or crystalline forces.
8
 
Chemically cross-linked hydrogels do not dissolve in organic solvents even after heating 
where as physically cross-linked hydrogels dissolve in solvents and even melt upon 
heating.
7
 Gelatin and starch agar gel are the best examples for natural hydrogels but 
hydrogels can also be synthesized. Synthetic hydrogels are generally hydrophilic 
polymers which have characteristic pendant groups such as –OH, -COOH and –CONH2. 
The presence of highly electronegative atoms like oxygen and nitrogen in the polymer 
chain are responsible for the formation of hydrogen bonding and the absorption of large 
quantities of water (hydrophilicity).
7
 For this particular study we focused on designing 
polymers with chemical crosslinks due to the ability of manipulating properties of the 
polymer matrix. Hence we used chemical crosslinkers of various dimensions (chain 
length) aiming at altering the pore size to increase the absorption of a specific blister 
agent analog, thioanisole. We used ethylene glycol dimethacrylate crosslinkers which are 
known to enhance the water sorption. 
Depending on the nature of the monomers, hydrogels can be classified in to two 
main types, neutral and ionic hydrogels. If the monomers used for the preparation are 
neutral, they are called neutral hydrogels where as ionic monomers such as acrylic acid 
and methacrylic acid result in the formation of ionic hydrogels. There is one more 
important type of hydrogels called interpenetrating polymer networks (IPN). IPN is 
usually combination of two polymers of which one of them must be synthesized or 
physically cross-linked to the other. These physical cross-links in an IPN are non-
covalent and mostly entanglements.
9
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The quest for synthetic hydrogels, hydrophilic polymers that have the capacity to 
absorb large amounts of water, started in early 60s. One of the first prepared hydrogel for 
biological studies was PHEMA invented by Czech chemist Drahoslav Lim and was used 
later in numerous bio-applications such as the synthesis of contact lens materials and 
glucose sensors.
10,11
 For the current project PHEMA with different mol% of cross-linkers 
and copolymer of PHEMA with PVP were used due to their excellent pH and mechanical 
stability.
11, 12 , 13
 Depending on the physical and chemical structure of the polymer, 
hydrogels are capable of absorbing from 10% to 200% water relative to the dry weight 
7
.
11
 The development of new functional monomers and macromers continues to broaden 
the versatility of hydrogel applications. In fact, hydrogels currently play a vital role in 
many tissue engineering scaffolds, biosensors, BioMEMS devices, and drug carriers.
14
 
In the present research PHEMA and its copolymer are cross-linked with variety of 
cross-linkers, which increase in length subsequently, to absorb and sequester the blister 
agent analog, thioanisole. This is the first ever reported study on designing PHMEA and 
its copolymer with crosslinkers of various dimensions. This study opens the door for 
exploring various crosslinkers to vary pore size and appears promising to alter other 
properties of polymers.  
2.1.1 Differential Scanning calorimetry 
Differential scanning calorimetry (DSC) is a simple and yet a powerful tool for thermal 
analysis which measures the heat fluxes absorbed or emitted as a function of temperature 
and time. Enthalpy change is recorded as the thermal transition occurs. DSC not only can 
measure glass transition (Tg) and melting point (Tm) but also measures percent 
crystallinity, heats of crystallization in semi-crystalline polymers, degree of cure and 
6 
 
reaction kinetics in thermosets, oxidative stability, thermal conductivity and cross-linking 
in polymers.
15,16,17  
For this entire study TA Instruments DSC 2910 with a standard cell 
was used. More information about DSC is discussed in chapter 4 in detail. 
2.1.2 Thermal polymerization 
Free radical polymerization:  Some of the monomers do not require an initiator but most 
of them do for a polymerization to take place. There are many free radical initiators 
available in the literature such as peroxides, persulfates, hydroperoxides, azo compounds 
like azobis(isobutyronitrile) (AIBN), and benzoins such as 2-hydroxy-2-methyl-1-phenyl-
1-propanone (Benacure 1173 ®, Mayzo). Initiators produce free radicals which initiate 
the first step of polymerization. The production of radicals can be done either thermally 
or photolytically. The decomposition of α,α,-azobis(isobutyronitrile) (AIBN), and 2-
hydroxy-2-methyl-1-phenyl-1-propanone (Benacure 1173 ®, Mayzo) which were used to 
make hydrogels for this project are shown in the figures 2.2 and 2.3. Benzoyl peroxide 
decomposition is also shown in the figure 2.4. 
 
Figure 2.2. Thermal decomposition of α,α’-azobis(isobutyronitrile) (AIBN) to dimethylcyano free 
radical 
18
 
 
 
Figure 2.3. UV decomposition of 2-hydroxy-2-methyl-1-phenyl-1-propanone 
(Benacure 1173 ®, Mayzo) 
18
 
7 
 
 
Figure 2.4. Thermal decomposition of benzoyl peroxide (BPO) to the benzoyloxy free radical 
18
 
As an illustration the synthesis of polystyrene has been chosen using BPO as an initiator. 
The first step, initiation is shown in Figure 2.5 in which the free radical reacts with the 
vinyl monomer to produce an activated monomer. 
 
Figure 2.5. Free radical initiation step of polymerization of styrene 
This activated monomer reacts with another vinyl monomer molecule to produce another 
activated monomer and this process is known as propagation step (shown in Figure 2.6). 
 
Figure 2.6. Propagation step of polymerization (polystyrene) chain 
8 
 
The last step, termination, which is to stop the propagation, can occur in two ways, 
namely coupling and disproportionation depending on the nature of monomers. 
15,19 
 
Figure 2.7 illustrates the termination step via both ways. 
 
Figure 2.7. Termination step of polymerization chain via a) coupling and b) disproportionation 
For example, polystyrene termination occurs via coupling whereas most of the 
methacrylates are terminated via disproportionation.
15
 The different methods for 
preparing polymers via free radical polymerization are bulk, UV, suspension, solution 
and emulsion. For the current study, bulk and UV methods have been employed for their 
simplicity. 
2.1.3 UV polymerization 
Polymerization of hydrogels can be initiated in different ways such as heating, or by 
radiation such as gamma (γ), ultra-violet (UV). Self-initiation is also possible in some 
cases. The advantages of using UV polymerization over other methods is it requires less 
time, less energy, produces less of heat (useful for coating of heat sensitive materials) and 
UV induces cross-linking of polymers with ease.
7
 Many of the heat sensitive materials 
such as plastics, wood, paper and circuit boards are cured and coated using UV.
20,21
  
Monomers or oligomers, photo-initiators and additives are the three main components of 
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UV curable system. Photo initiators are classified in to two main categories based on the 
way they produce free radicals. Norrish Type I photo-initiators are initiators which form 
the free radicals by homolytic fragmentation or through a cleavage, able to initiate the 
polymerization. Norrish Type II photo-initiators are the ones which form free radicals 
either by hydrogen abstraction or electron extraction from another compound that is a co-
initiator which turns into an actual free radical initiator. These type initiators are very 
sensitive and the photo reactions are easily influenced by the presence of oxygen.
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Aromatic carbonyl compounds serve the majority of the Type I photo-initiators which 
could be fragmented either by α-cleavage or a β-cleavage. 1-phenyl-2-hydroxy-2- 
methyl- propan-1-one (Benacure 1173) is a well known and widely used photo-initiator 
due to its high reactivity, thermal stability and use of it in water based formulations.
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Earlier the homo- and copolymers of PHEMA and PDHPMA synthesized via UV 
polymerization were studied for biocompatibility and hydrogels with formulation, 80% 
DHPMA and 20% HEMA were found to induce minimal to no fibrosis when implanted 
in rats.
24
  These hydrogels exhibited poor mechanical stability because of large water 
absorptions and became fragile. PHEMA, when coated on to PU/epoxy metal sensors by 
dip coating via in situ polymerization easily fragmented after soaking in water.
24 
Therefore the need for a new and strong hydrogel was felt and a copolymer of PHEMA 
with PDHPMA and PVP was synthesized which met all the criteria for bio-
applications.
11,13  
In the present study PHEMA hydrogels with different mol % of cross-
linkers is compared with the VP 30 hydrogel which was earlier prepared by using 
EGDMA as a cross-linker. 
2.2 Experimental 
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2.2.1 Synthesis 
 
The mol% of the cross-linkers is also varied from 1 to 2 % so that two different sets of 
PHEMA hydrogels namely HEMA 99 and HEMA 98 are synthesized. Another set of 
hydrogels, copolymer of HEMA with VP and DHPMA is prepared in which VP is 30 
mol%, HEMA and DHPMA being 34.5 mol% each and the cross-linker is 1 mol%. 
Longer crosslinkers lead to larger pores in hydrogels resulting in higher absorption. The 
formulations are shown in Table 2.1. 
 
                    Table 2.1. Formulations for hydrogels of PHEMA 
The cross-linkers include in this study are ethylene glycol dimethacrylate (EGDMA), 
diethylene glycol dimethacrylate (DiEGDMA), triethylene glycol dimethacrylate 
(TriEGDMA), tetraethylene glycol dimethacrylate (TetEGDMA) and neopentyl glycol 
dimethacrylate (NPEGDMA). The structures of these crosslinkers are shown in Figure 
2.8. For the absorption study of thioanisole, all the hydrogels are synthesized by two 
different polymerization methods, (a) Ultraviolet polymerization and (b) thermal 
polymerization. The water sorption (sorption degree) of the polymers is compared to see 
if there is any correlation between the porosity of the polymer matrices to the absorption 
efficiency. In addition, during the polymer synthesis the ratio of polymer to cross-linkers 
DHPMA ( mol % )
     
HEMA99 0 99 0 1
HEMA 98 0 98 0 2
VP 30 30 34.5 34.5 1
Hydrogel VP ( mol % ) HEMA ( mol% )
Cross-l inker ( mol  
% )
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is varied in order to observe if increased concentration of cross-linkers increase the 
absorption capacity of hydrogels. 
 
Figure 2.8. Structures of some cross-linkers 
The goal is to get elevated degree of absorption with increased concentration of the cross-
linkers. The absorption capacity of these cross-linkers for Thioanisole is measured via 
Ultraviolet (UV) spectroscopy. UV spectroscopy uses ultraviolet and visible light to 
measure wavelength and intensity of absorption of a given sample.  In addition to 
absorption capacity, the thermal stability of these cross-linked polymers is demonstrated 
via differential scanning calorimetry (DSC).
 
Glass transition temperature, Tg, is 
determined from DSC for this purpose. 
2.2.2 UV polymerization 
 Specific molar ratios of monomers and cross-linkers were mixed in 20 mL vial with 0.1 
mol % initiator, Benacure 1173 respectively. The formulations are shown in the table 1 
below. Benacure 1173 is photo initiator used for photopolymerization of UV curable 
systems.  After purging with argon gas, the solution was injected into handmade glass 
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cell of 1 mm thickness. The solution filled cell was placed under an ultraviolet lamp at a 
wavelength of 254 nm for 100 minutes. Transparent solid polymers were formed after 
100 minutes. The glass cells were broken and transparent uniform sheets were obtained.  
Next, these xerogels were swollen in distilled water to yield hydrogels. Distilled water 
was replaced every couple of days to remove any traces of impurities or unreacted 
monomers from hydrogel samples.  
2.2.3 Thermal polymerization  
Specific molar ratios of all monomers and crosslinkers were mixed in 20 mL vial with 0.1 
mol % initiator, Vazo 52 respectively.  
                  
Figure 2.9. Thermal polymerization apparatus. The apparatus contains flask with monomer 
liquid mix submerged in oil bath. The liquid is stirred till few hours at a set temperature allowing 
thermal polymerization to take place 
24 
Vazo 52 is low-temperature polymerizing initiator well suited to initiate chain reaction 
during thermal polymerization.  After purging with argon gas, the solution was heated up 
to 65
o
C in an oil bath. After that, the polymer samples were post cured at 90
o
C for 4 
hours before using for analysis.  The experimental set up for thermal polymerizations is 
illustrated in Figure 2.9. 
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2.2.4 Water Sorption Experiments 
The hydrogel samples HEMA 99, HEMA98 and VP 30 were cut with an 18 mm diameter 
cork bore to obtain uniform shapes. The cut pieces were freeze-dried for one day and 
stored in a desiccator at room temperature. The sorption behavior of the hydrogels and 
were monitored by detecting the increase in mass of the samples at fixed time intervals 
by a Sartorius BP211D balance (±0.01 mg) (Sartorius Corporation, Edgewood, NY). In a 
typical sorption experiment, a pre-weighed dry gel piece was immersed into water at 24 ± 
1°C in a Fisher Scientific Isotemp water bath (Pittsburgh, PA). At the prescribed time, the 
sample was taken out of solution and weighed after wiping off the excess water from the 
surface. The sorption degree, SD, of hydrogels is defined as follows:              
 
Where, Wd is the weight of the dry gel, Wt is the weight of wet hydrogel at each  
time interval, and Mt is the gain in the weight of the dry gel at time t. 
The equilibrium water content (EWC) of the hydrogel is determined by the following 
equation. 
 
Where, W∞ and M∞ are the weight and weight gain of the swollen hydrogel at 
equilibrium, respectively. 
2.2.5 Scanning Electron Microscopy (SEM) 
The hydrogels were cut and freeze-dried to determine the inner morphology. The 
morphology of the freeze-dried gels were studied using a Hitachi scanning electron 
microscope S-800 (Hitachi High Technologies, Pleasanton, CA) with 20 nm gold coating 
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by a HummerX sputter coater (Anatech, Ltd., Springfield, VA). The working distance 
between the sample and electron (WD) was 5 mm with 10.0 kV. The diameter of the pore 
was estimated by taking the average distance between two opposite points on the 
peripheral area. 
2.2.6 UV absorption study 
After freeze-drying, the xerogels of all the samples of same mass are taken and soaked in 
a known concentration of thioanisole (4.4x10
-5
 M) solution. Thioanisole is usually 
prepared in methanol solvent due to its excellent solubility. Then at regular intervals such 
as 1 hr and 5 hrs, aliquots of 1mL thioanisole solution are taken and analyzed for its 
concentration change using UV spectroscopy. 
 
   Figure 2.10. UV spectrum of Thioanisole 
During UV study, all the samples were blanked with methanol so the sole 
concentration changes for thioanisole could be observed. UV spectrum shows two peaks 
for thioanisole (Figure 2.10). The absorption peak at 254-260 nm is due to presence of 
benzene group and absorption peak at 206-210 nm is due to the presence of S-CH3 group 
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in the thioanisole.
25
 Data for the samples made via UV polymerization and thermal 
polymerization was also collected individually allowing for comparison.  
2.2.7 Differential Scanning Calorimetry (DSC) 
 All calorimetric data were obtained via a TA Instruments 2920 differential scanning 
calorimeter (DSC, TA Instruments, New Castle, DE). Nitrogen was passed through the 
cell at a flow rate of 70cc/min to maintain the inert atmosphere.  The DSC was calibrated 
from room temperature to 250 °C at a heating rate of 10 °C/min with an indium standard. 
The masses of the samples for DSC ranged from 5 to 10 mg. For the determination of 
glass-transition temperature, samples were freeze-dried for one day and kept in 
desiccators. The samples were heated from 30 °C to 160 °C at a rate of 10 °C/min using 
inert nitrogen and then quenched with liquid nitrogen and reheated to 160 °C at the same 
rate. The reheating is done to remove the thermal history or any aging effects of the 
sample. The reported glass-transition temperature was determined as the midpoint at half 
heat flow or heat capacity. 
2.3 Results and Discussion 
2.3.1 Water Sorption Study   
The sorption degree of water for HEMA 99, HEMA 98 and VP 30 hydrogels were 
determined using nanopure water. All the samples were soaked in nanopure water and the 
sorption degree was calculated using equation 1 after the equilibrium was reached.  As 
seen in Table 2.2, the sorption degree for all the hydrogels increased with increase in the 
length of cross-linkers. Hence the SD % increases as we move from top to bottom for all 
the three polymer samples except for the sample VP 30- NPGDMA. The water sorption 
of neat PHEMA with no additional cross-linkers attached is the lowest at 65.4%. Neat 
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HEMA has some traces of crosslinker (EGDMA) impurity in the order of 60-90 ppm by 
default. 
 
Table 2.2. Sorption degree (SD %) for PHEMA and VP 30 hyrogels 
 
 
But with addition of cross-linkers EGDMA, DiEGDMA, TriEGDMA, TetEGDMA and 
NPEGDMA the sorption degree increased from 65.4% to 91.3% for HEMA 99 samples 
and 65.4 to 95.4% for HEMA 98 samples, respectively. Sorption degree for VP 30 
samples increased from 115.2 (for neat) to 140.1 % (TetEGDMA sample). The SD% is 
drastically increased in case VP 30 samples when compared to PHEMA samples, both 99 
and 98 mol% and it is due to the presence of DHPMA as well as VP which contribute to 
addition hydroxyl groups and provide a scope for hydrogen bonding which would 
increase the hydrophilicity, thereby resulting in higher water sorption at equilibrium. 
2.3.2 Scanning Electron Microscopy (SEM)  
The increase in SD% indicates an increase in pore size of the polymer matrices and 
indeed, there is a definite correlation between the SD% and the porosity of the hydrogels.  
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Figure 2.11. SEM images of various cross-linked HEMA 98 hydrogels. Images 0-5 represent SEM 
images of neat, EGDMA, DiEGDMA, triEGDMA, tetEGDMA and NPEGDMA, respectively 
 
 
1 0 
3 2 
4 5 
18 
 
 
 
 
Figure 2.12.SEM images of various PHEMA copolymer, VP 30. Figures 1-6 represent SEM images of 
neat, EGDMA, DiEGDMA, TriEGDMA, TetEGDMA and NPEGDMA samples respectively 
 
The pore size of the PHEMA98 samples increased with the increase in chain length, 
resulting in higher degree of water sorption.This increase in the pore size is observed 
going from neat through TetEGDMA sample of HEMA 98 and is depicted in Figure 2.11. 
The approximate pore size increase is observed from 0 µm (for neat and EGDMA) to 
1.15 µm (for TetEGDMA). The SEM images of both the EDGMA and NPEGDMA 
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samples did not clearly depict pores similar to the neat sample and this could be due to 
the similar chain lengths of the cross-linkers, EGDMA and NPEGDMA. It should be 
recalled that HEMA monomer has some traces of EGDMA crosslinker as an impurity. 
VP 30 samples on the other hand exhibited a drastic increase in pore size going from VP 
30 neat (~22 µm) to VP 30-TetEGDMA (~ 48 µm), more than two fold as shown in 
Figure 2.12. This follows the evidence in water sorption for these samples. Interestingly, 
neat and NPEGDMA samples showed approximately the same pore size (~20 µm for 
NPEGDMA sample). It should be recalled that the neat sample has also some traces of 
impurities and EGDMA as a cross-linker to some extent, which is almost the same length 
as that of NP-EGDMA cross-linker. Hence it can be concluded that the SD% can be 
manipulated by varying the length of the cross-linkers and also by using 
copolymerization of the same polymer with different monomers such as VP and 
DHPMA. From the sorption studies, it is proved that the samples with di, tri and tetra 
EGDMA cross-linkers are the ideal candidates for absorption study of thioanisole.   
2.3.3 UV absorption study of HEMA 99 polymers  
As discussed in the experimental section, samples were prepared by two methods of 
polymerization, namely thermal and UV. Fig 2.13, 2.14 represent the UV absorption 
spectra of HEMA 99 samples prepared by thermal and UV methods respectively. From 
the spectra it can be concluded that for thermal polymerization, the DiEGDMA and 
TetEGDMA exhibit the lowest concentrations of thioanisole after 1 and 5 hr respectively 
in the solution indicating that these samples show better absorption of thioanisole 
compared to the other samples. For the same samples, HEMA 99 by UV polymerization 
TetEGDMA and DiEGDMA exhibit the lowest concentrations of Thioanisole in solution 
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after 1 and 5 hrs (Figure 14) indicating the higher absorption of thioanisole in to the 
polymer matrices. In addition, the graph for UV polymerization shows more distinct 
peaks than the graphs of thermal polymerization. However, note that this data collected 
after 5 hours of absorption is given more emphasis.  The duration of 5 hours allows for 
better absorption of thioanisole compared to 1 hour. Hence the samples showing higher 
absorption after 5 hrs of soaking in solution are considered to be the ideal candidates for 
the absorption of thioanisole.  
 
Figure 2.13. UV absorption spectra of HEMA 99 hydrogels with different cross-linkers, produced via 
thermal polymerization, after 1hour and 5hours 
 
The UV polymerized samples exhibited better absorption of thioanisole over thermally 
polymerized samples and that could be due to the leaching of impurities from the 
polymer matrix in to the solution during the absorption study which is clearly evident 
from the Fig 2.13 and 2.14. In Fig 2.13, the two absorption peaks of thioanisole are 
merged resulting in shoulders than peaks and causing an obstruction to the absorption 
process, where as in Fig 2.14 (UV polymerized samples), the absorption spectra clearly 
shows two peaks corresponding to thioanisole for all the samples. Hence from the UV 
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absorption study of HEMA 99 samples there are two promising candidates for the 
absorption of thioanisole, namely DiEGDMA and TetEGDMA.  
 
Figure 2.14. UV absorption spectra of HEMA 99 hydrogels with different cross-linkers, produced via 
UV polymerization, after 1hour and 5hours 
 
2.3.4 UV absorption study of HEMA 98 polymers  
Among the HEMA 98 thermal samples, the neat and TriEGDMA exhibit the lowest 
concentration of thioanisole in solution after 1 and 5 hrs respectively. In case of UV 
polymerized samples of HEMA 98, neat and DiEGDMA exhibit lowest concentration, 
indicating higher absorption of thioanisole from the solution. It should also be noted that 
UV polymerized samples produce a distinctly separated two peak absorption spectra 
(Figure 2.16) compared to the thermally polymerized samples (Figure 2.15). Similar to 
that of HEMA 99 samples, UV samples of HEMA 98 exhibited better absorption over 
thermal samples. From the absorption spectra of HEMA 98 samples it is concluded that 
TriEGDMA and DiEGDMA samples promise significant absorption of thioanisole. 
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Figure 2.15. UV absorption spectra of HEMA 98 hydrogels with different cross-linkers, produced via 
thermal polymerization, after 1hour and 5hours 
 
 
Figure 2.16. UV absorption spectra of HEMA 98 hydrogels with different cross-linkers, produced via 
UV polymerization, after 1hour and 5hours 
 
2.3.5 UV absorption study of VP 30 copolymers 
UV polymerization was employed to synthesize VP 30 samples due to its ability to 
produce clear UV absorption spectra without any merging or overlapping of thioanisole 
absorption peaks. Hence no thermal samples are prepared keeping in mind the efficacy of 
this method. In case of VP 30 UV samples, TriEGDMA and TetEGDMA samples 
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exhibited the higher absorption (Figure 2.17) compared to the rest making them the ideal 
candidates for sequestering thioanisole. 
 Table 2.3 shows the amount of thioanisole absorbed in µM by the hydrogel 
samples from the stock solution of thioanisole. Beer-Lambert’s law is applied to calculate 
the concentration of thioanisole from the absorbance values by taking the dilution factor 
in to consideration. The highest absorption values are highlighted in blue. 
 
Figure 2.17. UV absorption spectra of VP 30 hydrogels with different cross-linkers, produced via UV 
polymerization, after 1hour and 5hours 
 
It is an interesting finding that all the samples that exhibited highest absorption of 
thioanisole are DiEGDMA, TriEGDMA or TetEGDMA. These are the samples with 
longer cross-linkers compared to the rest and SEM images also show that these samples 
end up producing large size pores. Hence it can be concluded that the samples with high 
pore sizes can result in higher waster sorption as well as higher absorption of thioanisole. 
This proves that there is a definite co-relation between the pore size and the absorption of 
SH and water sorption (SD %). 
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Table 2.3. Amounts of Thioanisole absorbed by different hydrogels after 1 and 5 hr 
 
In summary, the data show that UV samples are superior to thermal samples for 
absorption studies and the decreasing order of absorption capacity is VP 30 followed by 
HEMA 98 and HEMA 99 samples (VP 30>HEMA 98> HEMA 99). It can also be 
concluded that pore size can be manipulated by using cross-linkers of various lengths, 
which in turn causes the greatest degree of absorption. These conclusions can be verified 
by comparing SEM images in the Figure 2.11 and 2.12 with the graphs of UV absorption 
study (Fig 2.13, 2.14, 2.15, 2.16 and 2.17) the above established conclusions can be 
validated. Hence it could be concluded that the samples with significant pores exhibited 
higher absorption of thioanisole. 
2.3.6 Differential scanning calorimetry 
 
All the samples were characterized via differential scanning calorimetry (DSC) 
for the glass transition temperature (Tg). It was observed that the Tg increased 
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significantly for both HEMA 99 HEMA98 samples and a large increase was seen in case 
of VP30 samples. As seen in figure 2.18, in case of HEMA99 hydrogels, NP-EGDMA 
sample exhibited the highest Tg of 101.4
o
C and neat exhibited a Tg of 81.2
 o
C. Among 
HEMA98 samples, Di-EGDMA sample exhibited the highest Tg of 95.4
o
C (Figure 2.19).  
        
Figure 2.18. DSC scans of HEMA 99 samples with different cross-linkers 
 
The increase in both cases is attributed to the cross-linking of polymer chains by cross-
linkers. This causes the reduction in free volume of the polymer, thereby increasing the 
cross-link density and resulting in higher Tg.
16
 Almost all of VP 30 samples exhibited a 
Tg of 123
o
C except the neat as depicted in figure 2.20. This value is higher than what is 
observed for HEMA98 and HEMA 99 samples and the reason could be the 
intermolecular interactions such as hydrogen bonding between the monomers such as VP, 
DHPMA and HEMA.  
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   Figure 2.19. DSC scans of HEMA 98 samples with different cross-linkers 
 
   Figure 2.20. DSC scans of VP 30 samples with different cross-linkers 
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There is a possible hydrogen bonding between carbonyl group of VP and the hydroxyl 
groups of both monomers HEMA and DHPMA. Hence a drastic increase is seen in the Tg 
of VP 30 samples due to these additional intermolecular interactions. It is also 
noteworthy to mention that the equilibrium water sorption, thioansioe sorption are 
directly related to the glass transition temperature of the samples. In conclusion we claim 
that the thermal stability of VP30 samples is higher in comparison with HEMA99 and 
HEMA98 hydrogel polymers. 
2.4 Conclusion 
The purpose of this study is to use hydrogels of poly( hydroxy ethyl methacrylate), 
PHEMA and copolymer of PHEMA with various crosslinkers to sequester and destroy 
the blister agent analog, thioanisole.  A series of characterization tests were carried out on 
all of these samples via sorption experiments to determine sorption degree (water 
sorption), UV absorption study for thioanisole absorption and DSC to examine the Tg of 
the polymer samples. The SD% increased going from neat (~65%) to NP-EGDMA 
samples (~92%)  for HEMA99 and HEMA98 hydrogels and the increase is ascribed to 
the use of longer cross-linkers which yielded bigger pores as evident in SEM images of 
the samples. For VP 30 samples, SD% increased drastically beginning at ~115 % (for 
neat) and going up to ~140% (for Tet-EGDMA). This is mainly due to additional 
intermolecular interactions such as hydrogen bonding and augmentation of hydrophilicity 
of the polymer. The water sorption study along with SEM images showed that HEMA 98 
and VP 30 samples exhibit distinct pores in their matrices and the pore sizes of these 
samples are correlated to their sorption degree. Porosity also followed the similar trend of 
a drastic increase as that of SD%. In addition, it is concluded that UV polymerization 
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produced better samples for absorption studies over thermal polymerization and there is 
no interference or merging of absorption peaks that is seen in the UV spectrum. 
Furthermore, comparing the UV absorption analysis of HEMA 99, HEMA 98 and VP 30 
samples, it is concluded that VP 30 hydrogels are more effective in absorption of 
thioanisole compared to the other two hydrogel samples. All the samples which exhibited 
higher absorption of thioanisole are Di-EGDMA, Tri-EGDMA or Tet-EGDMA samples, 
demonstrating that it is definitely the chain length of the cross-linker which plays a vital 
role in producing the bigger pores, higher SD% of water and greater absorption of 
thioanisole. DSC studies prove that the addition of cross-linkers definitely results in a 
significant increase in the Tg for VP 30 hydrogels due to hydrogen bonds that are present 
in the polymer matrix. The Tg has a direct correlation with equilibrium water sorption of 
the polymers. In summary it is concluded that VP 30 hydrogels are more thermally stable 
(Tg ~123
o
C) compared to HEMA99 and HEMA98 samples. Thus, from all the results 
obtained it can be concluded that VP 30 hydrogels are the best candidates for absorption 
study of blister agents. In the future these novel cross-linked PHEMA and PHEMA 
copolymers with DHPMA and VP hydrogels will be used to explore the sequestration of 
other warfare agents. 
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CHAPTER 3 
A Broad Spectrum Analysis of the Dielectric Properties of Composites of Poly(2-
hydroxyethyl methacrylate) with Metal Organic Paddle-wheel, Cu2(p-OH 
benzoate)4(DMSO)2•2DMSO 
 
3.1 Introduction 
Poly(2-hydroxyethyl methacrylate) (PHEMA) is a hydrophilic polymer which is hydrated 
to produce a class of polymers well known as hydrogels. Hydrogels absorb large amounts 
of water without being dissolved due to cross-linking.
1 , 2
 The design of hydrogels 
emerged in early 1950s; the first hydrogel of PHEMA was synthesized in 1954.
3
 PHEMA 
has already proved its mettle in many areas such as pharmaceuticals,
4,5,6,7
 biomedical 
implants,
8,9
  food additives,
10
 fibro-resistant coatings, glucose sensor coatings and in drug 
delivery applications.
5,11,12,13,14,15,16
  Though PHEMA was a polymer of interest from the 
beginning, the dielectric response for PHEMA was not studied over a wide range of 
temperature until 2005 by K. Mohamed.
17
 Although there were many reports on the 
dielectric response of dry and hydrated PHEMA at temperatures below 50
o
C
5,18,19,20,21,22,23 
 
many studies have been conducted improve mechanical, thermal, optical and electrical 
properties of hydrogels by producing polymer blends and by adding fillers to the polymer 
matrix.
24,25,26
  Much recent effort focused on tuning the interactions between the fillers 
and polymers to achieve novel properties for a wide variety of uses.
27
 In the same light, 
composites of poly(methyl methacrylate) with metal organic material, 1-dimensional 
porous coordination polymer were designed and characterized.
28
 PHEMA being a 
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polymer of interest its composites with hydroxylated nanoballs and composites of its 
copolymer, poly(2,3-dihydroxy propyl methacrylate) (PDHPMA) with rho-ZMOF were 
designed for various applications and characterized.
16,29,30
 The present study focuses on 
the dielectric response of PHEMA composites made with Cu2(p-OH 
benzoate)4(DMSO)2•2DMSO (CPW). 
 Neat PHEMA exhibits 3 transitions in dynamic mechanical analysis (DMA), two 
of them occurring below glass transition Tg and one at Tg. The transitions are termed α, β, 
and γ going from the high temperature transition to the low temperature transition. The α 
transition corresponds to the segmental motion of the main chain of the polymer and 
depends mainly on two factors in case of hydrogels, namely degree of cross-linking and 
the water content.  The β transition is due to the ester group rotation and the γ transition 
corresponds to the rotation of the hydroxyl group.
5,6,31,32
 Figure 3.1 shows the structure of 
PHEMA and relaxations present in it. In hydrated PHEMA the γ transition disappears and 
a new transition, the βsw, is observed at temperatures slightly above the temperatures at 
which the γ transition for neat PHEMA appears.  DMA studies also show that the β 
transition in neat PHEMA is weak, appears as a shoulder to the α peak and is almost non-
separable from the α transition.5,6,20,31,32                
 Diaz Calleja was the first to study the dielectric response (the γ transition) of 
PHEMA at low temperatures.
18
 The high temperature data points were unattainable due 
to instrument constraints  and the loss peak observed at temperatures above β transition 
had lead to the investigation of dielectric response at higher temperatures. Diaz Calleja 
and Gomez Ribelles were the first to present the β relaxation dielectric data of PHEMA 
in 1985.
19
  Though dielectric data for PHEMA is reported in the literature, this study 
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gives detailed information about the effects of a new filler, CPW, in the polymer matrix.  
The composites made from CPW were found to be ultra-strong and this is the first ever 
reported dielectric analysis of these hydrogel composites. The dielectric analysis can be 
utilized to investigate the interactions between the polymer chains and the filler, and to 
give insight in to the conductivity effects.          
 
Figure 3.1. Structure and relaxations in poly (2-hydroxyethyl methacrylate). 
 
3.2  DEA Theory 
In dielectric analysis (DEA) the material is exposed to an alternating electric field 
generated by an applied sinusoidal voltage. The applied electric field causes the 
alignment or induction of dipoles in the material which results in polarization. DEA 
measures two fundamental characteristics of a material, capacitance and conductance as a 
function of time, temp and frequency, f (t, T, f).
33
 The capacitive nature of a material is its 
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ability to store electrical charge while the conductive nature is the material’s ability to 
transfer electric charge. 
The complex permittivity, ε*, of a system is defined by eq. 3.1.34  
ε*= ε’-i ε”                                                     (Eq. 3.1) 
ε’= ε’ induced dipole + ε’ alignment of dipole                 (Eq. 3.2) 
ε”= ε” dipole loss factor + ε” ionic conductance                 (Eq. 3.3) 
Where ε’, Eq. 3.2, is the real part of the complex relative permittivity (dielectric constant) 
and represents the amount of dipole alignment both induced and permanent. ε’’, Eq. 3.3, 
is the dielectric loss (loss factor) and represents the dipole loss factor plus ionic 
conduction. 
To account for the dielectric effects in dilute polar solutions, the classic Debye 
equation Eq. 3.4 was introduced.
35,36
  McCrum et al.
34
 resolved the real and imaginary 
components of the classic Debye equation obtaining ε’ and ε’’ Eq. 3.5 and Eq. 3.6 which 
were later modified to account for ionic conductivity, Eq.7 as follows 
33
:  
                                 (Eq 3.4) 
                                      (Eq. 3.5) 
                        (Eq. 3.6) 
                                                            (Eq. 3.7) 
 
35 
 
Δε: relaxation strength (Δε = εs-ε∞) 
εs: static dielectric permittivity at zero frequency 
ε∞: dielectric permittivity at high frequency 
ω: angular frequency (2 f) 
: ionic conductivity 
ε0: absolute permittivity of free space (8.854X 10
-14
 F/cm) 
The α relaxation as mentioned earlier is associated with the glass transition (Tg) of the 
polymer and is ascribed to the main chain translation (backbone).
37
 Theα relaxation can 
be demonstrated in five possible scenarios that are well described by Garwe et al.
38
 The α 
relaxation can be determined using an Arrhenius plots (natural log of frequency versus 
inverse temperature). Arrhenius plots can be either linear or nonlinear. Vogel Fulcher 
Tamman (VFT) or Williams- Landel-Ferry (WLF) laws describe the way to curve fit the 
nonlinear arrhenius plots.
39 , 40
  Activation energy (Ea) for the α relaxation can be 
determined from Arrhenius plots obtained from DEA.
25, 41 , 42 , 43 , 44
 The linearity of 
Arrhenius plot depends upon several factors including the αβ cooperative relaxations that 
occur during the particular temperature region.
38
 The relaxations (β and γ) that occur 
below Tg and are specific to the moieties of each polymer, representing rotational 
reorientation of particular groups from the applied electric field. These sub-Tg (lower 
temperature) relaxations exhibit characteristic linear behavior in Arrhenius DEA 
plots.
34,37
  
Individual relaxations can become more complex due to their constructive or 
destructive cooperation and the merging of different molecular relaxations commonly 
occur, for example an αβ merge.17,25,42,43,44,45,46,47,48  The merging happens when the two 
separate molecular relaxations have sufficient overlap in the DEA spectrum and their 
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reorientation to the applied electric field is in resonance or cooperative. Conductivity 
relaxations occur at temperatures significantly above the Tg in an area called the 
conductivity region. This region is very important because the polymer exhibits minimal 
viscoelastic effects allowing determination of alternating current (AC) and direct current 
(DC) conductivities and their respective activation energies for ion translation.
17,34,49,50
 
Conductivity relaxation spectra were fit using the Havriliak-Negami (H-N) equation as 
derived for use with the electric modulus (M’) and electric loss modulus (M’’).51  This 
formulism allows for unbiased analysis of conductivity relaxations.
52
 Use of the H-N fit 
upon the conductivity relaxation region reveals structure-property relationships in the 
absence of predominating viscoelastic effects where the relaxation is purely due to the 
conductivity effects disclosing an ideal temperature region to study the ionic conductance 
and the energy required to transport the ions/impurities across the polymer matrix. 
3.3.  Synthesis of CPW –polymer composites 
3.3.1  Materials 
Ultra pure 2-Hydroxyethyl methacrylate (HEMA) was obtained by Benz R&D (Sarasota, 
FL). The free radical initiator used in the polymerization was Vazo 52 [2,2’,-azobis(2,4-
dimethylpentane nitrile)]. Vazo 52, obtained from Dupont (Wilmington,DE), is a low 
temperature polymerization initiator that forms a cyanoalkyl radical up on 
decomposition. 
3.3.2  Synthesis of Cu2(p-OH benzoate)4(DMSO)2•2DMSO 
In a typical synthesis as illustrated in scheme 3.1, 1 mmol (160.1 mg) of sodium p-
hydroxybenzoate is dissolved in 10 ml H2O and mixed with CuCl2•2H2O dissolved in 10 
ml of H2O.  A precipitate forms instantaneously, but upon sitting large blue parallepiped 
crystals form Cu(p-OH benzoate)2•3H2O. Then 0.4 mmol (192 mg) of Cu(p-OH 
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benzoate)2•3H2O is dissolved with 0.8 mmol (110 mg) p-hydroxybenzoic acid in 3 mL of 
DMSO.   
 
                
Scheme 3.1. Chemical reaction illustrating the synthesis of Cu2(p-OH benzoate)4(DMSO)2•2DMSO. 
The solution is heated to reduce the solution to about half the volume and upon cooling 
large blue-green parallelepiped crystals are formed.
53
  It appeared to be a new polymorph 
of the expected paddle wheel (Figure 3.2).  
              
Figure 3.2. Polymorph of Cu2(p-OH benzoate)4(DMSO)2•2DMSO. 
3.3.3  CPW –PHEMA Composites 
O
OH
HO
∆ 
DM
SO 
+ 
a = 18.6323(4) Å 
b = 18.867(4) Å 
c = 15.019(3) Å 
V = 5277 Å3 
ρ = 1.574 g/cm3  
 
a = 11.3536(3) Å 
b = 10.8956(2) Å   
 β= 106.948(2)° 
c = 18.3093(5) Å 
V = 2166.57(9) Å3 
ρ = 1.515 g/cm3 
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Pure HEMA monomer obtained from Benz R&D (Sarasota, FL). 0.2 wt% of the free 
radical initiator 2,2′-azobis(2,4-dimethylvaleronitrile) (Vazo52®, DuPont) was added to 
the monomer, degassed with dry N2 gas and polymerized at 60 °C for 4 h, followed by a 
post cure session at 110 °C for 4 h. Various concentrations by wt% of the CuMOM 
composite were made by dissolving Cu2(p-OH benzoate)4(DMSO)2•2DMSO in a solution 
HEMA and water in the weight ration 4:1 prior to polymerization. It should be noted that 
the monomer contained traces of ethylene glycol dimethacrylate (EGDMA) impurity 
which resulted in crosslinking of the polymer. 
3.4  Instrumentation and testing 
3.4.1  Differential scanning calorimetry (DSC) 
Experiments were performed on a TA Instruments DSC 2920 to determine the glass 
transition temperature (Tg). Samples (5–10 mg) were hermetically sealed in aluminum 
pans and a heated to the desired temperature, cooled and re-heated. Nitrogen gas was 
circulated through DSC cell to maintain inert atmosphere and the sample was heated 
using a ramp rate of 10 °/min to 140 °C. Second heating was done to remove any aging 
effects and thermal history. The glass transition, Tg was taken at the inflection point and 
from the second heating cycle. 
3.4.2  Sample molding 
Samples were compression molded using a Carver Press equipped with a heating element 
at a temperature of 135 °C for 5 min; it was then air cooled under pressure to room 
temperature. DEA samples were molded into 25 mm x 21.5 mm x 0.6 mm.  Molded 
PHEMA samples were then vacuum oven dried at 60 °C until constant mass and then 
stored under vacuum in the presence of phosphorous pentoxide until ready to use for 
DEA analysis. 
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3.4.3  Microhardness 
A Leica Vickers Microhardness Tester (VMHT) MOT equipped with a square Vickers 
indenter, which has an angle α between non-adjacent faces of the pyramid of 136°, was 
used to perform microindentation. The Vickers hardness number (HV) for each sample 
was determined by taking the average of six indents. A load of 500 g and a dwell time of 
10 s were used. The samples made for DEA analysis were used for microhardness at 
room temperature. 
3.4.4  Soxhlet extraction and UV analysis 
Gel fraction was obtained via Soxhlet extraction using methanol as the extracting solvent. 
The extraction was performed for 7 days. Samples were encapsulated in Whatmann 2 
filter paper envelopes and weights of the samples were recorded before and after 
extraction. Samples were vacuum oven dried at 60 °C for 6 h. Soxhlet extraction was 
done to see if the filler stayed in the polymer. 
 
Figure 3.3. UV spectrum of CPW 
40 
 
A known concentration of CPW in methanol (10 mg/mL) was prepared. The solution was 
then analyzed for UV absorption in the range 1100-190 nm with the help of a Perkin 
Elmer Lambda 40 UV/vis spectrometer. The λmax for CPW was found to be 240 nm 
(Figure 3.3). After the Soxhlet extraction, the methanol solution was analyzed for CPW 
concentration. 
3.4.5  Dielectric analysis (DEA) 
Dielectric analysis was performed using a TA Instruments DEA 2970. The sample was 
heated to 150 °C and then taken down to cryogenic temperatures with liquid nitrogen. A 
single surface sensor was used with a maximum force of 250 N was applied to the sample 
to achieve a minimum spacing of 0.25 mm. Measurements were taken in 5°C increments 
from −150 °C to 250 °C through a frequency range of 0.1 Hz–100 kHz under a dry 
nitrogen atmospheric purge of 500 ml/min. Capacitance and conductance were measured 
as a function of time, temperature and frequency to obtain the dielectric constant, or 
permittivity (ε′) and the dielectric loss (ε″).  
3.5  Results and Discussion  
3.5.1 Relationship between glass transition temperature, gel fraction and 
microhardness 
The change in glass transition temperature is pivotal in understanding the interactions 
taking place between the incorporate Cu-paddlewheel (CPW) and the polymer matrix. It 
was observed that the glass transition temperature increased with CPW concentration in 
the PHEMA composites. The Tg increased from 103.1 
o
C for neat to 108.9
 o
C for 0.5 % 
CPW-PHEMA composite. This change in Tg suggests that the available free volume of 
the polymer matrix is reducing. Figure 3.4 shows the Tg of the neat, 0.1 and 0.5 % by wt 
CPW-PHEMA composites. To verify the stability of CPW in the PHEMA matrix, 
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Soxhlet extraction in methanol was carried out as an attempt to remove the CPW from 
the matrix. Even after a week of extraction in methanol no CPW was detected in the 
solvent by UV/Vis spectrometer. The absorption spectrum obtained was flat without any 
peaks indicating the absence of CPW in the solvent. CPW did not wash away from the 
polymer matrix due to their persistent interactions with the polymer chains. Gel fraction 
was calculated from the data obtained from the Soxhlet extraction of the CPW-PHEMA 
composites. The gel fraction is the ratio of sample dry weight before and after extraction. 
The gel fraction increased with CPW concentration in the composites and is characteristic 
of an increase in the crosslinking density of the polymer network; this is directly related 
to the reduction of available free volume thereby increasing the Tg.
54
   
 
Figure 3.4. DSC plot of neat PHEMA, 0.1% CPW-PHEMA and 0.5% CPW-PHEMA. 
Most of the physical crosslinks are susceptible to dissolution in proper solvent 
media
55,56,57
   hence, it is important that the CPW maintains its integrity even after 
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incorporation into the polymer matrix. It is very clear from the Tg and gel fraction data 
that the CPW is interacting well with polymer matrix either by hydrogen bonding or by 
entanglements similar to that of the interactions observed by K. Mohomed et.al in the 
case of hydroxylated nano balls with PHEMA.
29
  
 The hardness (H) of a material is defined as a measure of its resistance to surface 
deformation.
58,59,60
  The hardness value also increased with the concentration of CPW and 
exhibited a similar trend as that of the Tg. As decribed by Gedde, Tg is directly 
proportional to cohesive energy density, (CED) δ, and the relationship between Tg and δ 
is given by equation 3.8.
57
 
Tg   = (2δ
2
) / mR + C1                         (Eq. 3.8) 
Where δ2 is the CED, m is a parameter that describes the internal mobility of the groups 
in a single chain, R is the gas constant and C1 is a constant. CED is also a main factor in a 
material’s HV value.30 Table 3.1 shows the Tg, hardness and gel fractions of the sample 
prepared. 
Polymer Tg (
o
C) Gel fraction 
Hardness Number, HV 
(Mpa) 
Neat PHEMA 103.1 0.89 ± 0.02 11.02 (±0.24) 
0.1%CPW-PHEMA 105.3 0.92 ± 0.01 11.50 (±0.35) 
0.5%CPW-PHEMA 108.9 0.95 ± 0.02 12.84 (±0.56) 
Table 3.1. Glass transiton, Gel fraction and Hardness value for neat PHEMA, 0.1% CPW-PHEMA 
and 0.5 % CPW-PHEMA composites. 
The increase in hardness value (HV) shows that the composite offers more resistance to 
the surface deformation with the increase in concentration of CPW and this could be 
largely due to the reduction in free volume of the polymer matrix because of the 
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interactions such as hydrogen bonding and entanglements which intern increases CED 
thereby resulting in more hardness. Surface hardness had been reported to increase with 
surface modification in which physical crosslinks were induced.
61,62
   
3.5.2  Dielectric analysis (DEA): Loss factor, electric loss modulus and dielectric 
permittivity 
 
DEA analysis of PHEMA revealed anomalous behavior which is consistent with the 
previous study by K. Mohomed. Most of the DEA analyses of PHEMA only present data 
up to 50 ºC in which the γ transition is well explained.  
 
Figure 3.5. Plot of loss factor (ε”) vs temperature for PHEMA at various frequencies. 
 
The γ, β, and possibly α (or αβ merge) and the conductivity relaxations present in 
PHEMA have been identified with DEA. The dielectric permittivity plot, the loss factor 
plot and the electric loss modulus plots of PHEMA are depicted over a wide range on 
temperature and frequency in figures 3.5 and 3.6. The γ transition is clearly observed; 
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however, the ionic conductivity relaxation has hidden the β and α transitions in the ε" 
plot.     
 
Figure 3.6. Plot of electric loss modulus (M”) vs temperature for PHEMA at various frequencies. 
 
The α and β relaxations are revealed by applying the electric modulus formalism and the 
complex electric modulus can be obtained (equation 3.9).
34,63
   
                  (Eq 3.9) 
The conductivity relaxations can be seen over 160
o
 C in the electric loss modulus vs 
temperature over frequency ranges of 100 KHz, 30 KHz and 10 KHz.  
The dielectric permittivity, ε’, represents the extent of dipole alignment present and as 
shown in Table 3.2 the permittivity value decreases with increase in concentration of 
CPW at a given temperature but increases with the increase in temperature. Table 3.2 
represents the dielectric permittivity at 1 KHz at different temperatures such as 25, 75 
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and 125 
o
C  but it should be noted that the same trend is observed in all the frequencies 
except the extreme  frequencies (very high such as 100 KHz and very low such as 1 Hz). 
Sample 
ε' at 25 oC/1 
KHz 
ε' at 75 oC/1 
KHz 
ε' at 125 oC/1 
KHz 
Neat PHEMA 5.25 7.88 16.39 
0.1 % CPW-PHEMA 4.85 7.26 11.11 
0.5 % CPW-PHEMA 4.74 5.67 8.26 
 
Table 3.2. Dielectric permittivity of neat PHEMA, 0.1% CPW-PHEMA and 0.5% CPW-
PHEMA at 25, 75 and 125 
o
C. 
 
The decrease in permittivity with the addition of CPW indicates that there is less dipole 
alignment and this is due to CPW’s strong interaction with the polymer matrix and the 
data is well in agreement with the previous study done by Kadine Mohomed with 
hydroxylated nanoballs.
29
 Figure 3.7 shows the comparison of electric loss modulus (M”) 
for neat PHEMA, 0.1%CPW-PHEMA and 0.5%CPW-PHEMA composite samples at 10 
Hz. The thermal transition shown in Figure 3.7 is an αβ transition. It is very clear from 
the figure that at any given point the electric loss modulus of the samples increases with 
the incorporation of CPW in to the matrix i.e. the energy required to align the dipoles is 
increased with the addition of CPW to the polymer matrix i.e. more energy is needed to 
induce the relaxation. 
The order of increase of M” for the samples is as follows: 
 Neat   <  0.1% CPW-PHEMA  <  0.5% CPW-PHEMA 
It was also observed that the peaks that appeared in the transition shift to the right as the 
loading of CPW increased suggesting that the glass transition also increased. The 
increase in energy as well as the increase in Tg suggests that there is definite interaction 
between CPW and the PHEMA matrix. 
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Figure 3.7. Comparison plot of electric loss modulus (M”) versus temperature for neat PHEMA, 
0.1% CPW-PHEMA and 0.5% CPW-PHEMA at 10 Hz. 
 
3.5.3  γ and β Activation energy from ε” and M” 
In the dielectric spectra of loss factor versus temperature for PHEMA the γ relaxation 
was observed in the temperature range of −140 oC to 0 oC; while the β and α relaxations 
seemed to be merged and obscured due to conductivity effects. Activation energy for the 
γ and β relaxation for PHEMA and CPW-PHEMA composite were determined via 
Arrhenius plots of ln frequency versus the reciprocal of temperature; the slope of which 
was used to determine the activation energy via the equation 3.10.
34,57
 
              (Eq. 3.10) 
The peak temperature maxima increased linearly with frequency (Fig. 3.6) exhibiting 
Arrhenius behavior. The γ energy is associated with the hydroxyl group rotation where as 
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the β activation energy is associated with the energy required to move the ester group in 
PHEMA and both were observed to increase with the increase in concentration of CPW. 
This is definitely due to the hindered mobility of the hydroxyethyl group and the side 
chain ester group. The hindrance or restriction of the mobility is attributed to the 
intermolecular interactions such as hydrogen bonds and / or entanglements that are 
believed to be taking place between CPW and polymer matrix. The γ and β activation 
energies for all the samples were determined from electric loss modulus plots for 
comparison and it was found that the values are in agreement with the previous studies. 
Figure 3.8 illustrates the Arrhenius plots for the γ and β transitions of neat PHEMA. 
Table 3.3 enlists the activation energy for γ and β relaxation for all the samples 
determined from electric loss modulus (M”). The γ activation energy was found to 
increase from 8.6 to 9.7 kcal/mol where as the β activation energy increased from 18.0 to 
19.9 kcal/mol by going from neat to 0.5 % CPW-PHEMA composite. 
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Figure 3.8. Arrhenius plots of (a) γ and (b) β transitions for neat PHEMA. 
 
 
Polymer 
γ activation energy     
(k cal/mol) 
β activation energy           
(k cal/mol) 
Neat PHEMA 8.6 18.0 
0.1%CPW-PHEMA 8.8 18.6 
0.5%CPW-PHEMA 9.7 19.9 
 
Table 3.3.  γ and β activation energy for all the samples calculated from electric loss modulus. 
 
This validates the point that the interactions between CPW and PHEMA are significantly 
strong and are attributed to the possible hydrogen bonding between hydroxyl (-OH) 
groups of the monomer, HEMA and the carboxylate (-COO) group of CPW. There could 
also be possible hydrogen bonding between the carbonyl group (-C=O) of the monomer 
HEMA and the hydroxyl (-OH) group of CPW. 
3.5.4  Conductivity relaxations 
By treating ε” mathematically using the electric modulus formalism, M” can be obtained 
from which the viscoelastic relaxations are differentiated from conductivity relaxations. 
By using the eq. 9 the space charge effects can be suppressed and the conductivity 
relaxations are revealed.
17,41,49
  This resolution definitely reveals conductivity relaxations 
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(above Tg), αβ merge and a clear β relaxation in terms of electric modulus, M”. There are 
three proofs to confirm the existence of conductivity relaxations.
34,49,50
 The first proof is 
the Argand plots which demonstrate that the conductivity relaxations dominate and 
viscoelastic effects from the polymer are minimized. Second proof is the comparison of 
the samples to ideal ionic translation. The final proof is AC conductivity, which 
demonstrates the frequency independency in the conductivity region. 
3.5.5  Proof 1 Argand plots 
As discussed earlier the dielectric permittivity, ε’ and loss factor, ε” can be well 
demonstrated using equations 5 and 6 for a single relaxation time where the conductivity 
effects are more prominent. Cole and Cole were the first to propose that a semicircle with 
a radius (εR-εU)/2 is obtained when ε’ vs ε” values are plotted.
64
  Similar behavior is 
observed when M’ vs M” values are plotted against each other and the values proceed 
from lower frequencies to higher frequencies. The semicircular behavior is a 
characteristic of Debye behavior for small rigid molecules and molecular liquids.
65,66
  
Semicircular behavior indicates the absence of viscoelastic relaxations and the effects 
which are generated from conductivity relaxations. The ideal semi circle arc can be 
represented by Debye semi-circle equation (eq. 3.11) as follows when above the glass 
transition temperature: 
          (Eq. 3.10) 
M ∞: Electric modulus at high frequency (ω  ∞) 
M S: Electric modulus at zero frequency (ω  0) 
Since polymers have a distribution of relaxation times, they often tend to deviate from 
ideal behavior and exhibit skewed semi circles in Argand plots. Therefore these polymers 
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are evaluated using a modified Debye equation: Cole-Cole (C-C), Cole-Davidson (C-D), 
or Havriliak-Negami (H-N). Figure 3.9 shows the Argand plots of neat PHEMA, 0.1% 
CPW-PHEMA and 0.5% CPW-PHEMA respectively at 160 
o
C. These plots exhibit semi-
circle behavior at this temperature indicating the presence of only conductivity effects. 
The dielectric strength can be calculated from the equation 3.12 as follows: 
ΔM = M∞ - MS                           (Eq. 3.12) 
The dielectric strength is the measure of alignment of dipoles within the sample and it 
was found to decrease with the increase in concentration of CPW in the polymer matrix.  
The ΔM value decreases from 0.12 for neat PHEMA to 0.07 for 0.5% CPW-PHEMA 
composite indicating that the CPW may be hindering the alignment of the dipoles within 
the polymer.  
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Figure 3.9.  Argand plot of M’ vs M” at 180 oC; (a) neat PHEMA; (b) 0.1% CPW-PHEMA; (c) 
0.5% CPW-PHEMA. 
 
Hence, from the Argand plots it is very clear that all the samples including neat exhibit 
relaxations resulting from conductivity effects above Tg and the dielectric strength 
decreases with the increase in the concentration of CPW in the polymer matrix. 
3.5.6  Proof 2 Log M”, M’ versus Log frequency 
Starkweather et al. verified that at the temperatures above glass transition, when ε’ equals 
to εs (low frequency relaxation state), which is independent of temperature the conduction 
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is solely due to the diffusion of ions and is independent of viscoelastic, dipolar 
relaxation.
49
 The complex permittivity under these conditions is given by the eq. 3.13: 
                                  (Eq. 3.13) 
ε*= complex permittivity 
εs = low frequency relaxed state (ω 0) 
ε0 = high frequency unrelaxed state (ω          ∞) 
ω = angular frequency (2 f) 
o = ionic conductivity 
The complex permittivity was applied in to electric modulus to get M’ and M” in the 
following equations. 
                                                                (Eq 3.14)        
                                                      (Eq. 3.15) 
where the characteristic time,   and an electric modulus MS are defined as: 
                                                (Eq. 3.16) 
                                                      (Eq. 3.17) 
 
In the plots of log M’ versus log frequency (100 Hz to 100 K Hz) (eq. 3.14) exhibits an 
ideal slope of 2; and in plots of log M” versus log frequency (100 Hz to 100 K Hz) an 
ideal slope of 1 is observed for eq. 3.15. All the samples neat PHEMA, 0.1% CPW- 
PHEMA and 0.5% CPW- PHEMA composite approached the ideal slopes of 2 and 1 
(Figure 3.10) when log M’ and log M” versus log frequency are plotted indicating the 
53 
 
absence of viscoelastic effects proving that the observed relaxations are  purely due to 
ionic conductivity. 
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Figure 3.10.  Log M’ and Log M”versus log frequency (Hz) plots at 180 oC; (a) neat PHEMA; (b) 
0.1% CPW- PHEMA; (c) 0.5% CPW- PHEMA; Ideal slopes (m) for log M’ and log M” are 2 
and 1, respectively. 
 
 
3.5.7  Proof 3 AC conductivity 
The loss factor described by eq. 7
67,68,69
  when the viscoelastic effects are negligible is 
manipulated to obtain the AC conductivity, AC as described by eq. 3.18 as follows: 
                              (Eq. 3.18)        
It is know that the AC conductivity, AC is the sum of all dissipative effects, which 
includes DC conductivity, DC. The DC is usually a result of translation of ions as well as 
the dielectric loss dispersion.
70
  As the frequency increases it results in a mean 
displacement of the charge carriers and after reaching a critical frequency (fc), the 
conductivity follows a power law relationship at a constant temperature given by eq. 
3.19.
70,71
  
                   (Eq. 3.19) 
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Where DC is the conductivity (S/m) as ω          0, and A and s (0 < s < 1) are parameters 
that depend upon temperature, morphology, and composition. 
The frequency dependency of AC conductivity ( AC) at temperatures above glass 
transition for different frequencies ranging from 1 Hz to 100 KHz is depicted in Figure 
3.11. From the data it is very clear that AC is independent of frequencies in the range 1 
Hz to 1000 Hz i.e. a plateau is observed starting at 120 
o
C and the plateau is gradually 
extended to the higher frequencies in the order of 10
3
 to 10
6 
Hz as the temperature is 
increased to 160 
o
C and higher. This means as the temperature increases and reaches well 
above the glass transition, AC becomes independent of frequencies for all the samples.   
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Figure 3.11. AC conductivity ( AC) (S/m) versus frequency (Hz) in temperature range of 100-220 
o
C; 
(a) Neat PHEMA (b) 0.1% CPW-PHEMA (c) 0.5% CPW-PHEMA. 
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The frequency independency in this region indicates that the region has negligible 
viscoelastic character. The plateau begins in the low frequency range first because there 
is enough time provided by the alternating field for the charge carriers to diffuse or 
translate the charge over larger distances.   
As the temperature increases, the higher frequency alternating fields reach a 
constant value for AC conductivity and level off with that of the low frequency 
alternating fields.  All the samples were analyzed between the temperatures 120 and 220 
o
C for the conductivity relaxations and it was observed that the AC conductivity though 
increased with the temperature, remained almost unaltered (slight insignificant decrease 
in the order of 10
-5
) with CPW concentration at a given temperature. 
3.5.8  DC Conductivity 
DC conductivity ( DC) was obtained by extrapolating AC conductivity ( AC) to zero 
frequency. DC increases with increase in temperature and follows Arrhenius relationship 
given by eq. 3.20 as follows: 
                              (Eq. 3.20) 
Ea: Activation energy 
R: Ideal gas constant 
DC: DC conductivity 
0: Pre-exponential factor (conductivity at infinite temperature) 
Activation energy for ionic diffusion for all the samples was obtained by plotting ln DC 
versus inverse temperature (150-220 
o
C) as shown in Figure 3.12. It was found that the Ea 
increased and the DC conductivity at 180
o
C decreased with an increased loading of CPW 
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(Table 3.4) suggesting that the diffusion of ions/impurities became more difficult with the 
incorporation of CPW in to the polymer matrix. 
                    
    Figure 3.12. ln DC versus inverse temperature (1/T) (K) plots of neat PHEMA. 
 
Increase in activation energy even at the temperatures well above the glass transition (Tg) 
or in the conductivity region indicates the stronger interactions of CPW with PHEMA 
matrix. This is attributed to persistent non-covalent interactions such as hydrogen 
bonding which could have restricted the mobility of ions/ impurities from diffusing 
through the polymer matrix. 
 
Polymer 
Ea for conductivity 
relaxation (k cal/mol) 
DC Conductivity at 180 
o
C (S/m) 
Neat PHEMA 3.7  8.97E-03 
0.1% CPW-PHEMA 4.9  8.57E-03 
0.5% CPW-PHEMA 5.2  8.47E-03 
 
Table 3.4. Ea for ionic conductivity relaxation and DC conductivity at 180 
o
C for neat 
PHEMA, 0.1% CPW-PHEMA and 0.5% CPW-PHEMA composites. 
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3.6  Conclusion 
The composites of PHEMA with a Cu paddle wheel, Cu2(p-OH 
benzoate)4(DMSO)2•2DMSO were prepared in specific weight percents  and then 
analyzed for glass transition, micro hardness and dielectric properties. 
DSC showed that CPW acted as a cross-linker by increasing the Tg with increase in 
CPW content.  Soxhlet extraction, UV study and the gel fraction obtained for the 
composites proved that CPW stayed in polymer and did not wash away from the matrix 
over the time. Microhardness also increased with the addition of CPW for the composites 
agreeing well with Tg values suggesting strong interactions of CPW with polymer matrix. 
The dielectric permittivity, ε’ increased with increase in temperature but decreased with 
increase in CPW concentration suggesting that the alignment of dipole went down with 
the incorporation of CPW into the polymer matrix. This suggests that there is a possible 
interaction between CPW and polymer chains. 
The dielectric spectrum of PHEMA and the composites have been examined in which 
the electric modulus formalism has been applied for the analysis of data. In addition to 
revelation of γ relaxations, formalism separated conductivity relaxations from 
viscoelastic relaxations (β and α). The activation energies for β relaxations were 
determined using Arrhenius relationship. The β activation energy was determined from 
both loss factor (ε”) and electric loss modulus (M”) and was compared. The values were 
very close and found to increase with CPW concentration. This suggests the restriction in 
mobility of side chains indicating the CPW is either cross-linking or strongly interacting 
with polymer matrix. The electric loss modulus (M”) also increased with CPW addition 
for the composites suggesting that the energy needed to align the dipoles within the 
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polymer increased. This indicates that incorporation of CPW into the polymer matrix 
resulted in some kind of bonding or cross-linking of CPW with polymer strands. 
Conductivity relaxations for all the samples were revealed with the help of electric 
modulus formalism. For all the samples the conductivity region falls well above glass 
transition and the existence of these relaxations in all the samples was proved by three 
main approaches. Though incorporation of CPW did not result in significant increase in 
the AC conductivity ( AC), it definitely increased with increase in temperature. DC 
conductivity ( DC) was determined by exploration to zero frequency and found to 
increase linearly obeying Arrhenius relationship for all the samples. The activation 
energy for ionic conductivity for all the samples was determined and was compared. It 
was found that the Ea increased and DC conductivity decreased with the increase in 
concentration of CPW, signifying that more energy is needed to translate ions/impurities 
through the polymer matrix. This implies the strong coordination between the CPW and 
polymer chains which would restrict the mobility of ions even at temperatures well above 
glass transition, Tg. 
In summary, it is ascertained that CPW interacts strongly with PHEMA in case of 
composites and the same is concluded by DSC, micro hardness and DEA data. This study 
is believed to be the first to investigate composites of Cu paddle wheels of this kind and 
is proved to design thermally stable polymers for various applications. Future work will 
focus on investigating incorporation of more hydroxyl group substituted paddle wheels 
for stronger hydrophilic interactions and better dielectric properties of the same. 
Future work will focus on investigating mechanical properties of these novel 
composites such as stress, strain, storage and loss moduli and burst strength. 
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CHAPTER 4 
Thermal stability of sulfonyl, phosphoryl and carbonyl azides 
 
4.1 Introduction 
Organic azides have received interest in synthetic organic chemistry more than a century 
after their discovery and are now recognized as an important class of chemical 
compounds.
1,2,3 
The discovery of organic azides by P. Griess
4
 and the hydrazoic acid by 
T. Curtius
5
 spurred the interest in exploring their applications in various fields. In 
general, azides are classified in two categories; organic and inorganic azides. In the past 
two decades, organic azides gained much attention due to their synthetic applications and 
their ease of accessibility via various synthetic routes. Organic azides can be easily 
transformed in to amines, isocyanates and other functional molecules and considered as 
versatile and important reagents in ‘Click Chemistry’ studies.6,7 Increase in number of 
publications on the synthesis, properties and application of both organic
1,2,3,8,9,10,11,12,13,14
 
and inorganic azides
15,16,17,18
 established them as a versatile class of compounds.  
Though azides have lot of applications in general, it is very much needed to take 
into consideration their potential hazardous properties as these nitrogen-rich compounds 
exhibit explosive nature. The azido group is extremely energetic and the easy 
polarizability of the N3 -bond results in highly exothermic reactions releasing molecular 
nitrogen and reactive nitrene groups. Introduction of an azido group into an organic 
compound results in the increase of energy of the compound approximately by 290-355 
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kJ/mol.
19,20
 This is the main reason for using organic azides as energetic materials such as 
high energy density materials (HEDM) in explosives, energetic polymers, or for 
propellant formulations.
21,22
 Nonetheless, not all organic azides found their way into the 
application as practical energetic materials due to their high sensitivity to heat and shock. 
These poor thermal and mechanical properties have limited the exploration of many azido 
compounds for further research, hence studied very little for the same.  
The present study uses Differential Scanning Calorimetry, DSC, to determine the 
heats of decomposition of a series of organic azides. The information that is obtained 
from DSC is very vital for many organic reactions. Prior knowledge on range of 
temperature where the reaction occurs and knowledge of subsequent rearrangements and 
decompositions, choice of solvents and safety precautions in exothermic processes can be 
obtained without even performing the actual reaction.
23
 The ring closing reactions of 
azidoarenes are well demonstrated using DSC. DSC provided reaction conditions for 
many thermolytic cyclization reactions.
24,25
 Recent study by Gigante et.al 
26
 has provided 
information on the thermal stability of some aryl azides but not to the full capacity.  
We selected three types of azides, sulfonyl, phosphoryl and carbonyl azides for 
this thermal stability study. Arylsulfonyl azides are known to serve as nitrene precursors 
for asymmetric aziridination in the presence of copper ion under photo-irradiation
27
 and 
play the same role in the presence of (OC) Ru(II) (salen) complexes without photo-
irradiation.
28
 Most of the arylsulfonyl azides are synthesized from readily available 
arylysulfonyl chlorides. Phosphoryl azides belong to a very common class of compounds 
and are being utilized widely for organic syntheses for more than four decades.
29
 They 
are often used to generate phosphoryl nitrenes via photolysis for the analysis of 
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photochemical reactions.
30
 Just like arylsulfonyl azides, phosphoryl azides are prepared 
from their chloride derivatives. Analogous to sulfonyl and phosphoryl azides, carbonyl and 
aryloxy carbonyl azides serve as a nitrene source for FeCl2 catalyzed imidation of alkyl and allyl 
sulfides in non-asymmetric reactions.
31,32
 There are also reports on sulfimidation using N-tert-
butoxycarbonyl azide as the nitrene source in the presence of (OC)Ru(II)(salen) 
complexes.
33
 Here in we present thermal stability of these three types of azides in a 
detailed way so that a general trend can be drawn by knowing the substituent groups and 
their relative positions with respect to the functional group, azide. Our study describes 
thermal stability in terms of temperature of maximum decomposition (Tmax) and energy 
of decomposition (Ed). 
4.1.1  DSC theory 
Analyzing thermal and calorimetric properties, mechanical and electrical sensitivity is 
essential to understand the nature of these compounds. In particular, the data obtained 
from thermally induced decomposition behavior is important in evaluating the hazardous 
potential of energy-rich compounds such as organic azides. In any thermal analysis, the 
physical parameters such as heat flow, heat capacity, enthalpy and mass are measured as 
a function of time and temperature (the sample is usually subjected to a temperature 
controlled program such as linear heating rates or isothermal conditions).
34,35,36
 The two 
very common techniques employed to investigate thermal and caloric properties of 
energy-rich compounds are Differential Scanning Calorimetry (DSC) and Thermo 
Gravimetric Analysis (TGA).  
Differential scanning calorimetry (DSC) is a simple yet powerful thermal analysis 
technique used to measure the heat fluxes emitted or absorbed by a sample as a function 
of temperature and time. Enthalpy change is recorded for every thermal transition that 
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occurs. The basic physical changes that are measured are glass transition temperature (Tg) 
and melting point but none the less other valuable physical quantities such as percent 
crystallinity, heats of crystallization and fusion in semi-amorphous polymers and organic-
inorganic compounds, degree of cure and reaction kinetics in thermosets, oxidative 
stability, thermal conductivity, decomposition and crosslinking.
37,38,39
  DSC is a thermal 
analytical technique that can be used not only for polymers but also for the analysis of 
organic, inorganic compounds. Flexibility of this technique is sample can be either in 
solid, liquid or gel state. 
The two main types of DSC are: power-compensation DSC and heat- flux DSC.
40
 
In power-compensation DSC the temperatures of both sample and the reference are 
controlled by two separate and identical heating sources (furnaces). Identical temperature 
is maintained for both sample and reference by varying the power input in the two 
furnaces and the energy required to do this is directly related to the enthalpy or heat 
capacity changes in the sample relative to the reference.  A heat-flux DSC, TA 
Instruments DSC 2910 (Figure 4.1) was used in this study. Sample and reference are 
connected by a low-resistant heat flow path which is in this case, a constantan disc. The 
assembly is enclosed in a single furnace. The enthalpy or heat capacity changes in the 
sample cause a difference in temperature when compared to the reference. The heat flow 
and the temperature differences are recorded related to the enthalpy changes in the 
sample. The differential heat flow measurement was taken into consideration for TA 
Instruments DSC 2910 as shown in equation 1: 
                                         (Eq. 1) 
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Where dQ/dt is the heat flow (W/g), ΔT is the temperature difference and RD is the 
thermal resistance of constantan disk.
39
 This instrument does not take into consideration 
the heat capacity effects from pan, calorimeter and thermal resistance imbalance between 
sample sensor and furnace, reference sensor and furnace. Hence the equation 1 is 
corrected and the more accurate equation for heat flow is shown in equation 2. TA 
instruments Tzero
TM
 Q-series DSC models use the eq. 2.
41
  
                           (Eq. 2) 
 
Figure 4.1. Cross-section of a heat flux DSC cell
39
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DSC calibration ensures the accuracy of the experimental results. Baseline slope, 
temperature and cell constant calibrations are performed prior to data collection. The 
baseline slope is basically heating the DSC cell without any sample in it within the 
required range at a desired heating rate and measuring the heat flow signal. The heat flow 
signal should read zero and the slope of the signal line obtained should be zero. The DSC 
calibration program calculates the slope obtained and offset values that are needed to 
flatten the baseline and zero the heat flow signal.
39
 Usually the temperature and cell 
constant calibrations can be done in a single run. For these calibrations, a pure metal such 
as Tin, Indium, Zinc or Lead is sealed in a sample pan and heated above its melting point 
(Tm). The difference in the experimental Tm and the theoretical Tm is calculated for the 
temperature calibration. DSC requires a single-point calibration minimal; however a 
multi-point calibration can be performed using various standards of Tm. The cell constant 
and the onset slope can be determined from the last calibration. The ratio of the 
calculated heat of fusion for the standard metal over the theoretical value gives the cell 
constant. The thermal resistance is a measure of the temperature drop that occurs in a 
melting sample in association with the thermocouple. The thermal resistance between 
these two points is calculated as the onset slope and is used for kinetic and purity 
calculations.
39
   
DSC measures all types of chemical and physical transformations of a sample that 
include endothermic and exothermic processes or changes in heat capacity.
33
 Exothermic 
and endothermic transitions such as melting, boiling, sublimation, glass transition for 
polymers, solid-solid phase transition between different crystal morphologies and 
decomposition etc. are the important processes that are taken into consideration when 
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analyzing the energetic materials such as azido compounds. Heats of fusion, 
crystallization and decomposition are determined from the area under the peaks obtained 
for the respective transitions. Figure 4.2 illustrates the various thermal transitions that are 
normally occurred for a polymer. 
 
Figure 4.2. Typical thermal transitions in polymers characterized by DSC
39
  
4.2 Experimental and Syntheses of azides 
 
The sample size is usually between 2-10 mg for polymers and inorganic compounds but 
for this particular study less than 3 mg of sample was used keeping in mind the explosive 
nature of these energy-rich azido compounds. The material used for making pans can be 
aluminum, gold, platinum, copper or graphite and totally depend on the experimental 
conditions. Aluminum pans were used for this study. Both reference pan (which is in 
most cases is empty) and the sample pan should have identical mass. Sample and 
reference pans were hermitically sealed and placed on the platforms in the DSC cell. The 
entire DSC cell was purged with an inert gas with a flow rate of ca. 50 ml/min. For the 
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analysis of energetic materials, argon or nitrogen is used to remove the volatile 
compounds and decomposition gases during the measurement that are evolved from the 
sample pan. Argon was used for the entire study as the purging gas because nitrogen is 
also one of the decomposition products. Small sample sizes and slow heating rates 
(between 5-10 
o
C/ min) were employed to avoid the uncontrolled decomposition of these 
products.
42
  
4.2.1 General Procedure for the Synthesis of Sulfonyl azides
43,44,45 
A solution of the arylsulfonyl chloride in water: acetone (1:1, 6 ml/mmol) was stirred in a 
round bottom flask and cooled in an ice bath to 0 °C for 15-20 minutes. Sodium azide 
(1.5 eq) was added in portions to the sulfonyl chloride mixture and the reaction was 
monitored by TLC to completion (typically 2-5 hrs).  
   
 
Figure 4.3. Structures of sulfonyl azides studied for thermal stability 
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After the reaction was complete, the flask underwent rotary evaporation until the acetone 
was removed. The crude product was extracted from the water using ethyl acetate or 
dichloromethane (3 x 5 ml/mmol). It was then washed with brine (10 ml/mmol), dried 
over sodium sulfate, and concentrated by rotary evaporation. The resulting oil was then 
purified by flash column chromatography. The fractions containing product were 
collected and concentrated by rotary evaporation to afford the compound. Figure 4.3 
shows the structures of sulfonyl azides studied. 
4.2.2 General Procedure for the Synthesis of Phosphoryl azides46 
A solution of the phosphoryl chloride in acetone (0.2 mol/L) was stirred in a round 
bottom flask. Sodium azide (1.5 eq) was added in portions to the phosphoryl chloride 
mixture and the reaction was monitored by TLC to completion (typically 3-5 hrs). After 
the reaction was completed, the flask underwent rotary evaporation until most of the 
acetone was removed.   
 
Figure 4.4. Structures of phosphoryl azides studied for thermal stability 
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The reaction mixture was purified by flash chromatography (hexane: ethyl acetate = 
10:1). the product was visualized on TLC using UV. The fractions containing product 
were collected and concentrated by rotary evaporation to afford the compound. Figure 4.4 
shows the structures of phosphoryl azides studied. 
4.2.3 General Procedure for the Synthesis of Carbonyl azides47 
To a well-stirred suspension of NaN3 (1.95 g, 30 mmol) in acetone (40 mL) protected 
from light by aluminum foil was added acyl chloride (20 mmol) at room temperature. 
The reaction was monitored by TLC.  
 
Figure 4.5. Structures of carbonyl azides studied for thermal stability 
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After the reaction finished, the mixture was then poured into a flash chromatography 
column filled with Celite (dry) and was washed with methylene chloride until all the 
product was washed out. The filtrate was collected and concentrated by rotary 
evaporation at room temperature to give the product, which was further purified by flash 
chromatography column (silica gel). Figure 4.5 shows the structures of carbonyl azides 
studied. All the azides used for this study were obtained from Dr. Peter Zhang’s lab, 
Chemistry Department, University of South Florida. For further information, contact Dr. 
Peter Zhang at pzhang@cas.usf.edu. 
4.3  Results and Discussion 
The aim of this study is to determine the thermal stability of different types of azides i.e. 
the explosive and hazardous nature from the heats of decomposition and the temperature 
at which they decompose. Any compound is considered hazardous if it is releasing the 
heats of decomposition in excess of 300 cal/g (1255.2 J/g) (also known as threshold 
energy), exhibits short half-life, low activation energy and low onset exotherm 
temperature, when the heat of decomposition is significant.
48
  
4.3.1  DSC Study of Sulfonyl azides 
All the sulfonyl azides, S1 to S9 were heated in the DSC at heating rate of 10 
o
C/ min in a 
controlled manner up to a temperature of 350 
o
C. The initial decomposition temperature 
and the temperature of maximum decomposition were recorded. The decomposition 
transition appears as an exotherm up and the area under the curve gives the energy of 
decomposition, i.e. the energy released during the decay of the compound. As seen in 
Figure 4.6, S1, which is a methyl substituted sulfonyl azide and it is observed that this 
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azide starts decomposing around 166 
o
C and maximum decomposition occurs at 
approximately 190 
o
C.  The energy of decomposition is 1455 J/g which definitely makes 
the compound high-energetic but from the temperature of decompoition, this compound 
is considered thermally stable. 
 
Figure 4.6. DSC plot of compound S1 
It is interesting to observe the thermal stability of S2, which when compared to S1 has a 
nitro (electron withdrawing) group instead of methyl group at the para position to 
sulfonyl azide group. It should be noted that the energy of decomposition increased 
significantly to 1707 J/g (389.2 kJ/mol) with an initial decomposition temperature of 155 
o
C and temperature of maximum decomposition of 185 
o
C as illustrated in Figure 4.7. 
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Hence, going from electron donating group (EDG) to electron withdrawing group (EWG) 
surely has an effect on the energy of decomposition and thermal stability and tend to 
increase both of these parameters. Then the effect of nitro group at different positions on 
the phenyl ring was studied by comparing DSC plots of S3 and S4 which are isomers of 
S2 with nitro group at meta and ortho positions to sulfonyl azide group (Figure 4.7). 
 
Figure 4.7. Comparison plot of DSC for S2, S3 and S4 
It was found that though there is no significant change in the temperatures of initial (Ti) 
and maximum decomposition (Tmax), the energy of decomposition changed significantly. 
The energy of decomposition for meta substituted compound S3 was recorded as 1826 
J/g and for ortho-substituted compound it was 1890 J/g both referring to high energy of 
decomposition (threshold is around 1255 J/g) making them to fall in the category of high 
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energetic materials. The reason for the increase in decomposition energy could be 
attributed to the steric factor of the compound. The steric hindrance in compound S2 is 
far less compared to S3 and S4. S4 being ortho-substituted is more sterically hindered 
and has greater repulsions between the groups resulting in higher decomposition energy 
(Ed) compared to S2 and S3. The energy of decomposition for meta compound, S-3 found 
to be in between the Ed values for S2 and S4.  
Figure 4.8. Comparison plot of DSC for S5, S6 and S7 
Though S2, S3 and S4 have exhibited high energy of decomposition and fall into the 
danger zone, they still are considered thermally stable due to their high temperatures of 
maximum decomposition (Tmax) starting around 185 
o
C. These interesting results lead to 
further investigation of different type of groups like electron donating and electron 
withdrawing groups at same (para) position to verify the effects on Ed and Tmax. So 
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instead of nitro group at para position, electron donating group (EDG) such as OCH3 
(compound S6) and other EWGs such as CH3CONH (S5) and CN (S7) were investigated 
(Figure 4.8).  It was found that compounds S5 and S7 exhibited Ed (1220 J/g and 1475 
J/g respectively) less than S2 (1707 J/g) but the Tmax remained almost unaltered around 
186 
o
C as depicted in Figure 4.8. When electron donating group was present at the para 
position (S6), Ed was recorded as 1285 J/g with almost the same Tmax. So it can be 
concluded that the presence of electron donating groups at the para position for sulfonyl 
azide compounds decrease the Ed, relative to compounds S2 and S7, making them more 
thermally stable where as electron withdrawing groups make them more energetic by the 
excess release of Ed. From the Tmax, it can be concluded that they are fairly stable 
thermally. It should be noted that though Ed values for S6, S7 are slightly higher than the 
threshold value, they are not considered as hazardous due to their stability up to high 
temperature of 186 
o
C. To validate the effects of steric hindrance on the thermal stability, 
compounds S8 and S9 were studied. The difference in the structures of these two 
compounds is one additional isopropyl group present on the phenyl ring. S8 has two 
isopropyl groups where as S9 has three. The DSC of these two compounds was recorded 
and compared (Figure 4.9). It was expected that the Ed should increase with more 
substitutions on the phenyl ring and decrease the thermal stability. But in contrary to 
what is expected, the Ed value was observed to decrease from 1167 J/g (S8) to 1056 J/g 
(S9).  
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Figure 4.9.  Comparison plot of DSC for S8 and S9 
Though the energy in kJ/mol was found to increase from 310.5 kJ/mol (S8) to 326.9 
kJ/mol (S9), it is not clear as what caused the energy in J/g to go down. It is clear from 
the Figure 4.9, that the Tmax has definitely decreased when there are more substitutions. 
Hence compound S9 is slightly unstable thermally when compared to S-8 but both of 
these compounds do not pose any threat while handling or dealing as the energy released 
during decomposition is well below the threshold value (1255 J/g). Table 4.1 summarizes 
the Tmax and Ed for all the sulfonyl azides studied and classifies them as high-energetic 
compounds and explosives. 
 
 
83 
 
Azide Ti (
o
C) Tmax (
o
C) Ed (J/g) 
Thermally 
stable? 
High-
energetic? 
Hazardous? 
S1 166.4 189.8 1455 Yes Yes No 
S2 155.7 185.0 1707 Yes Yes No 
S3 156.8 185.7 1826 Yes Yes No 
S4 158.3 180.7 1890 Yes Yes No 
S5 160.0 186.6 1220 Yes No No 
S6 162.3 186.0 1285 Yes No No 
S7 158.8 190.0 1474 Yes Yes No 
S8 166.7 195.7 1167 Yes No No 
S9 158.2 186.6 1058 Yes No No 
Table 4.1. Thermal analysis data of sulfonyl azides 
4.3.2  DSC Study of Phosphoryl azides 
All the phosphoryl azides, P1 to P9 were heated in the DSC at heating rate of 10 
o
C/ min 
in a controlled manner up to a temperature of 400 
o
C. The reason for going up to 400 
o
C 
is due to the high decomposition temperature i.e. the phosphoryl azides require higher 
temperatures compared to sulfonyl azides for degradation. The initial decomposition 
temperature (Ti) and the temperature of maximum decomposition (Tmax) were recorded. 
The area under the exotherm was used to calculate the energy of decomposition (Ed). 
There were a total of 9 phosporyl azides studied for thermal stability out of which P1 thru 
P5 are symmetric compounds and P6 thru P9 are asymmetric. The DSC plots of P1 and 
P2 are depicted in Figure 4.10 where the difference in the structures is the substituent 
group on the phenyl rings. P1 exhibited very low Ed (55.8 J/g or 20.0 kJ/mol) and high 
temperature of decomposition (~329 
o
C).  P2 also exhibited low Ed (219.3 J/g or 99.8 
kJ/mol) and high temperature of decomposition (~337 
o
C). It can be concluded that both 
of these compounds release very low Ed and are thermally very stable. Hence they do not 
belong to the class of hazardous compounds. 
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Figure 4.10. Comparison plot of DSC for P1 and P2 
Analogous to what has been verified with sulfonyl azides, phosphoryl azides were also 
investigated for the effect on thermal stability by varying the similar group to a different 
position on the phenyl ring (P3,P4) as well as replacing the same with another group such 
as more electron donating (P5). Figure 4.11 illustrates the comparison of DSC plots of 
P3, P4 and P5. P3 and P4 are isomers where P3 compound has a methyl group at the para 
position to phosphoryl azide group where as P4 has the same group at meta position to 
phosphoryl group. The Ed for P4 was found to be 449.8 J/g (186.7 kJ/mol), higher than 
P3 with Ed 112.4 J/g (81.8 kJ/mol). This increase in energy is attributed to the steric 
hindrance caused by methyl group closing in to phophoryl azide group in P4 structure. 
Both of these compounds exhibited high Tmax (P3~315 
o
C and P4~338 
o
C) implying that 
they are thermally stable and significantly low energetic materials.  
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Figure 4.11. Comparison plot of DSC for P3, P4 and P5 
P5 on the other hand, exhibited relatively higher energy of decomposition of 517.2 J/g 
(231.2 kJ/mol) when compared to P3 with a maximum decomposition temperature of 
~337 
o
C. Unlike sulfonyl azides, the substitution of a particular group with more EDG, 
the energy of decomposition for phosphoryl azides is increased as evident from the DSC 
plot of P5 (Figure 4.11).         
 To verify the same effects on asymmetric azides, compounds P6 thru P9 were 
studied. P6 and P7 differ in the groups attached to phosphoryl group. P6 has a phenyl ring 
(EWG) where as P7 has ethyl (EDG) attached to the phsophoryl azide group. P6 was 
found to exhibit Ed of 239.0 J/g (72.4 kJ/mol) and a decomposition temperature of ~ 251 
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o
C. Interestingly, P7 did not decompose but speculated to vaporize at ~293 
o
C, therefore 
Ed could not be determined.  
 
Figure 4.12. Comparison plot of DSC for P6 and P7 
It is noteworthy to mention that though EDG increased Ed in of symmetrical phosphoryl 
azides (P5), this effect was not noted in asymmetrical phosphoryl azides as seen in the 
DSC plot of P7 (Figure 4.12). From the DSC data it is very clear that both of these 
compounds are non-hazardous, low energetic compounds and are safe to deal with. 
 The effects of steric hindrance on symmetric phosphoryl azides prompted us to 
study the same effects in asymmetric azides. Hence, P8 and P9 compounds were 
investigated for the steric hindrance effects. The difference in the structures is the 
additional methyl group present in P9. As evident from the DSC plots (Figure 4.13), the 
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Ed value for the P9, 608.9 J/g (210.7 kJ/mol), is higher than the Ed value for P8 which is 
400.1 J/g (132.4 kJ/mol). Insertion of one methyl group definitely increased the steric 
hindrance thereby increasing the Ed for P9.  
 
Figure 4.13. Comparison plot of DSC for P8 and P9 
The decomposition temperatures for both of these compounds were found to be close, 
approximately at 340 
o
C. P8 and P9 also do not belong to hazardous class due to their low 
Ed and high Tmax values. Table 4.2 summarizes all phosphoryl azides studied into high 
energetic and explosive compounds. 
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Azide Ti (
o
C) Tmax (
o
C) Ed (J/g) 
Thermally 
stable? 
High-
energetic? 
Hazardous? 
P1 295.6 329.1 55.8 Yes No No 
P2 284.4 337.9 219.3 Yes No No 
P3 293.9 315.2 197.0 Yes No No 
P4 304.3 337.8 449.8 Yes No No 
P5 305.6 337.1 517.2 Yes No No 
P6 214.3 251.5 239.0 Yes No No 
P7 N/A N/A N/A N/A N/A N/A 
P8 296.2 337.1 400.1 Yes No No 
P9 306.2 340.5 608.9 Yes No No 
Table 4.2. Thermal analysis data of phosphoryl azides 
4.3.3  DSC Study of Carbonyl azides 
All the Carbonyl azides, C1 thru C9 were heated at heating rate of 10 
o
C/ min in a 
controlled manner up to a temperature of 350 
o
C to obtain DSC plots. The initial 
decomposition temperature (Ti) and the temperature of maximum decomposition (Tmax) 
were recorded. The area under the exotherm was used to calculate the energy of 
decomposition (Ed).          
 Carbonyl azides were investigated to see how the steric hindance, number of 
substituent groups, EWGs, EDGs and number of carbon atoms present in the compounds 
affect the thermal stability in terms of Ed and Tmax. In compounds C1 and C2, the 
difference is one additional isopropyl group present on phenyl ring. The Isopropyl group 
is an electron donating group. Comparison of DSC plots for C1 and C2 (Figure 4.14) 
illustrates the effect on thermal stability due to two factors, steric hindrance and the 
presence of an additional electron donating group. As expected, Ed for C2 was found to 
be 533.2 J/g (131.7 kJ/mol), slightly higher than the Ed for C1 which was recorded as 
521.1 J/g (106.8 kJ/mol). The steric hindrance and electron donating nature of the group 
increased the Ed. The Tmax for both of these compunds was found to be almost the same 
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~155 
o
C. Because of low Ed and significantly high Tmax, C1 and C2 both are considered 
relatively safe and low energetic materials.   
    Figure 4.14. Comparison plot of DSC for C1 and C2 
To examine the effects of number of substituents on the thermal stabilty, compounds C3 
and C4 were investigated. C3 and C4 are isomers (same molecular formula) with 
different number of substituents. C3 has two substituents and C4 has one. The 
comparison plot for these two compounds is depicted in Figure 4.15. It is clear from the 
DSC plots that both of these compunds were decomposed in two steps. For C3, the Ed 
was found to be 771.6 J/g (206.8 kJ/mol) which is determined from the are under two 
peaks of decomposition. Ed for C4 was recorded as 670.6 J/g (179.7 kJ/mol). 
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 Figure 4.15. Comparison plot of DSC for C3 and C4 
This increase in Ed for C3 is attributed to the fact that it has more substituents which 
would intern create more steric hindrance when compared to C4, resulting in the release 
of high Ed. The Ed for both compounds stayed well below the threshold value (1255 J/g) 
and the Tmax was found to be ~145 
o
C. Hence they are considered as safe, non-hazardous 
and low  energetic materials. C5, C6 and C7 were investiagted to study the effects from 
EWG and number of carbons. C5 and C6 differ by a phenyl ring (EWG). C6 and C7 
differ in the number of carbons in skeleton. The comparison of DSC plots is shown in 
Figure 4.16. Just as the sulfonyl azides demonstrated that Ed increased with insertion of 
an EWG, carbonyl azides exhibited an increase in Ed as seen in DSC plots of C5 and C6. 
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C5 has an Ed of 452.6 J/g (63.8k J/mol) and C6 which has phenyl ring (EWG) exhibited a 
higher Ed of 695.7 J/g (151.0 kJ/mol). 
 
 Figure 4.16. Comparison plot of DSC for C5, C6 and C7 
C6 and C7 differ by CH2 unit and the Ed was observed to decrease going from C6 to C7. 
C7 was found to release low energy, 669.2 J/g (135.9 kJ/mol) when compared to C6. 
Hence it could be concluded that the number of carbon atoms is directly proprtional to 
the decomposition energy. The Tmax for these compounds was around 160 
o
C. All the 
three compounds (C5,C6 and C7) exhibited very low Ed making them safe materials for 
handling and applications. Compound C8 was found to release 901.5 J/g (228.1 kJ/mol) 
with a Tmax of ~156 
o
C (Figure 4.17). Therefore C8 is safe and thermally stable material. 
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Figure 4.17. DSC plot of compound C8 
 
Figure 4.18. DSC plot of compound C9 
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The compound, C9, was also studied using DSC. It was found that the Ed for this 
compound is 1029.0 J/g (223.3 kJ/mol) (Figure 4.18). The maximum decomposition 
temperature, Tmax was around 153 
o
C which makes this compound thermally stable. Table 
4.3 lists Ed and Tmax values for all the carbonyl azides and classify them as safe and or 
hazardous materials. 
Azide Ti (
o
C) Tmax (
o
C) Ed (J/g) 
Thermally 
stable? 
High-
energetic? 
Hazardous? 
C1 131.6 155.3 521.1 Yes No No 
C2 131.3 155.3 533.2 Yes No No 
C3 120.0 144.8 771.6 Yes No No 
C4 121.2 146.1 670.6 Yes No No 
C5 121.8 155.8 452.6 Yes No No 
C6 131.7 159.1 695.7 Yes No No 
C7 136.1 160.3 669.2 Yes No No 
C8 133.2 155.8 901.5 Yes No No 
C9 125.2 152.8 1029.0 Yes No No 
Table 4.3. Thermal analysis data of carbonyl azides 
4.4 Conclusion 
Thermal stability of three types of azides, sulfonyl, phosphoryl and carbonyl azides were 
studied. The effect of position of substituent and the nature of groups (EWG or EDG) 
was studied. It was also noted that the steric hindrance has a strong impact on the Ed of 
azides. For sulfonyl azides, it was observed that presence of EWG increased Ed and EDG 
decreased Ed. More substituted or sterically hindered sulfonyl azides exhibited high Ed. 
The Tmax for all the sulfonyl azides was in the range 185-190 
o
C. Therefore, they are 
considered safe materials though some of them release significant amounts of energy at 
the time of decomposition.        
 Phosphoryl azides exhibited high thermal stability with Tmax for most of them in 
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the range 329-340 
o
C. Unlike sulfonyl azides, EDG in case of phosphoryl azides 
increased Ed. Steric hindrance increased Ed similar to that of sulfonyl azides. All these 
azides released relatively low energy of decomposition and were found non-hazardous, 
non explosive making them safe materials to work with. Carbonyl azides also exhibited 
Ed values which were relatively low when compared to the threshold value (1255 J/g). 
Analogous to sulfonyl azides, EWG and the steric hindrance increased Ed for carbonyl 
azides. The Tmax for all of them was found in the range 145-160 
o
C.  Low Ed and Tmax 
above 145 
o
C make them non explosive and thermally stable, hence categorized as safe 
materials to deal with. It should be noted that none of the azides in this study were found 
hazardous or explosive in nature. Though a few azides released high energy (well above 
the threshold value for an explosive), are not considered as hazardous materials due to 
their high Tmax and poor sensitivity to heat and shock. 
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